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.Science is a game we play with God

to find out what his rules are.”

(Krasel, Cornelius)



Summary

Against the background of an ongoing demand orefashore cost-effective and more
sensitive analysis methods particularly in the as€dDNA analytics, innovative analytic
developments are necessary. Miniaturized laboesoon electrically driven chip devices
present an example of such sophisticated techreslodiheir application gains increasing
importance in medical diagnostics as well as inftinensics field of research, most notably as
often only a small amount of sample material isilalbe which in addition requires to be
analyzed free of contamination. In this work a nfutictional lab-on-a-chip system is
presented, that is generally applicable to a wideety of small-scale sample material. The
lab-on-a-chip is characterized by a modular desidye. single working units used for sample
retrieval, processing and detection were optimizeshcerning their capacity. The
applicability of the lab-on-a-chip in forensic DNehalytics was exemplified on several actual
scientific problems. After contamination-free midissection retrieved sample material was
analyzed on a chip-based DNA amplification unit. @rhemically structured planar chip
surface virtual reaction tubes were built in forfrsmall droplets, that were stabilized by the
liquid’s surface tension. The facilitated miniaaaiion of the reaction volume to just 1 ul in
total enabled analyses of smallest amounts of samlterial free of contamination. In that
manner, a higher sensitivity than in voluminousspta tube-based reactions could be
achieved. The miniaturized reaction volume permitie decrease of analysis time to
15 seconds per PCR cycle. The required amouniadirgy material for a significant genetic
analysis could be reduced to a minimum of 25 pg.

Based on reliable, reproducible and highly sernsitimalyses using purified standard DNA the
applicability of the lab-on-a-chip was tested onmas samples of forensic relevant materials,
liquid ones as well as solid ones. (1) Using jut (//v) of unpurified whole blood in PCR-
based analysis, full allelic DNA profiles for thergeration of genetic fingerprints could be
determined. (2) Dried blood spots were analyzed av&pecific period of time ranging from
several minutes up to three months of age. In dim®e on the status of the drying and
coagulation process, up to 92% full detectable DIfiles could be attained. (3)
Microdissected tissue particles of pathologicaévaht tissues could directly be subjected to
PCR-based gender determining analysis and relatethte and female individuals, while no
additional DNA extraction steps were needed poaaralysis. (4) The self-posted demand on
performing highly sensitive and contamination-feemlyses was demonstrated using ancient

bone tissue material derived from Egyptian mummyema. After laser microdissection



DNA fragments of up to 297 bp in length could bepéfied in PCR-based analyses using
just 60 pg of ancient DNA starting material. Thehamticity of amplified fragments could be
verified when compared to sequences recalled froment genome databases, showing
identities of up to 98% concerning the DNA sequen¢® This innovative laser
microdissection-based nanotechnological approacarfoient DNA analysis of bone material
could after all be highlighted versus a conventilgngerformed pathological technique for
sample retrieval. The traditional method was basegulverization of bone material. In using
the novel technology considerably more authentmesnt DNA molecules could be isolated

while simultaneously impacts of destructive factowsld be eliminated.



Zusammenfassung

Vor dem Hintergrund eines standig wachsenden Bgdarfschnelleren, kostengtinstigeren
und sensitiveren Nachweisverfahren, insbesondereBareich der DNA Analytik, sind
innovative Entwicklungen unerlasslich. MiniaturiseeLabore auf elektrischen Chips sind ein
Beispiel solcher hochentwickelten Technologien. Binsatz gewinnt sowohl in der
medizinischen Diagnostik als auch in der Forensikehnmend an Bedeutung, vor allem
deshalb, weil haufig nur sehr geringe Probenmengen/erfligung stehen und diese zudem
kontaminationsfrei analysiert werden mussen. IrsalieArbeit wird ein multifunktionales
Chiplabor vorgestellt, das zur Analyse kleinster niglen sehr unterschiedlicher
Probenmaterialien eingesetzt werden kann. Das &topl zeichnet sich durch einen
modularen Charakter aus. Die einzelnen EinheiterPrabengewinnung, Prozessierung und
Detektion wurden hinsichtlich ihrer Leistungsfaregkoptimiert. Die Anwendbarkeit des
Chiplabors in der forensischen DNA-Analytik wurden aBeispiel mehrerer aktueller
wissenschatftlicher Fragestellungen demonstriert. chNa kontaminationsfreier
Lasermikrodissektion wurden die gewonnenen Probeh ener chip-basierten DNA-
Vervielfaltigungseinheit  verarbeitet. Auf einer ahisch strukturierten planaren
Chipoberflache wurden virtuelle, durch Oberflachmmung stabilisierte Reaktionsgefal3e in
Form kleiner Flussigkeitstropfchen gebildet. Diedaleh ermoglichte Miniaturisierung des
Reaktionsvolumens auf nur 1 pl ermdglichte kontatidmsfreie Analysen geringster
Mengen von Probenmaterial. Auf diese Weise konritee dnbhere Sensitivitat als in
groRvolumigen Plastikgefal3-basierten Reaktionenieleraverden. Das miniaturisierte
Reaktionsvolumen erlaubte eine Reduktion der PCRu&yeiten auf 15 Sekunden pro
Zyklus. Die fur aussagekréftige genetische Analysendtigte Menge an Ausgangsmaterial
liel3 sich auf eine minimale Menge von 25 pg DNAuadren.

Ausgehend von verlasslichen, reproduzierbaren wett Bensitiven Analysen mit gereinigter
Standard DNA, wurde die Anwendbarkeit des Chiplabauf verschiedenartige, flissige
sowie feste Proben von forensisch relevantem Matgatestet. (1) Bei Einsatz von nur 1%
(v/v) ungereinigtem Vollblut konnten in PCR-basserAnalyse vollstandige DNA-Profile zur
Generierung genetischer Fingerabdrucke ermitteltdere (2) Getrocknete Blutstropfen
wurden Uber einen Zeitraum von mehreren Minuten zvisdrei Monaten untersucht. In
Abhangigkeit vom Status des Trocknungs- und Kodmuiaprozesses lie3en sich bis zu 92%
vollstandig nachweisbare DNA-Profile gewinnen. K8ikrodissektierte Gewebepartikel aus

pathologisch relevanten Geweben konnten direkt in CRPasierter



Geschlechtsbestimmungsanalyse ohne vorherige DNAlEon mannlichen und weiblichen
Individuen zugeordnet werden. (4) Der selbst gkstelAnspruch, hochsensitive,
kontaminationsfreie Analysen durchfihren zu kdonmvemde an sehr altem Knochengewebe
aus agyptischem Mumienmaterial demonstriert. Naasetmikrodissektion konnten aus einer
Startmenge von nur 60 pg historischen DNA Material?CR-basierten Analysen DNA-
Fragmente von bis zu einer Ladnge von 297 bp vdaliglt werden. Die Authentizitat der
vervielfaltigten Fragmente konnte in Vergleichent ngangigen Genom-Datenbanken
bewiesen werden, mit einer Ubereinstimmung hinkathtler DNA-Sequenzen bis zu 98%.
(5) Die Vorzige dieses innovativen, auf Lasermilgsektion basierenden,
nanotechnologischen Ansatzes zur DNA-Analyse auscKenmaterial wurden schlief3lich
durch Vergleich mit Untersuchungen belegt, bei derae herkdmmliche pathologische
Technik zur Probengewinnung eingesetzt wurde. Revkntionelle Technik basierte auf
einer Pulverisierung des Knochenmaterials. Mit deuen Technologie konnten deutlich
mehr authentische alte DNA Molekile isoliert uneighzeitig Einflisse von schadlichen

Faktoren vermieden werden.
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1. Introduction

1. Introduction

During the past decade, molecular biologic geratiglysis tended to be performed at a high-
resolution level, where only microscopically smathounts of sample material were needed
for analysis. In this way, the handling of such Breamples needs sophisticated miniaturized
tools. The field of developing miniaturized and dped sample processing platforms has a
highly interdisciplinary character. A convergendeseveral disciplines at the nanoscale must
be achieved, namely engineering, electronics, métics, biology, chemistry and physics. In
order to find a way for adapting all necessary apens for sample handling onto a small
device, one needs to combine technical skills withogical know-how. While a variety of
sample materials need to be considered for apjalicathey all need to be tracked down to
the basic material used for analysis, which isDiNA molecule. The following paragraphs
outline some fundamental knowledge of genetics@NA analysis. Afterwards an overview
is given over the present status of the effortseuiadten to integrate sample-processing steps,

in particular the polymerase chain reaction, inroflaidic structures.

1.1 DNA analysis

Over the past years DNA analysis became one ofmibst fascinating fields of research and
gained enormous importance in all areas of lifeamgestry research, prenatal diagnosis and
criminalistics, diagnosis of diseases as well asdétermination of paternity or natural
abilities. Due to the great efforts, which had beeade during 1990 and 2003 by the
international Human Genome Project (HGP), the métion kept in the DNA molecule
became especially accessible and usable for weltiid analysis. The primary goal of the
HGP was to determine the sequence of the thraerbithemical base pairs, which make up
human DNA and to identify approximately 30,000-8®0genes in human DNA
(http://ornl.gov/sci/techresources/Human_Genomefshiml).

The DNA, which stands for deoxyribonucleic acid (®N represents the unique molecule
housing the total construction plan of living orgems. Together with structural proteins
DNA is organized in complex structures called chosomes, which are stored in the nucleus,
the biggest cellular organelle in eukaryotic cellsach human cell contains exactly 46
chromosomal DNA molecules differing in size andheir informational content. From the
molecular side the DNA molecule is composed of templementary strands described as

double-helix figure 1 A), each consisting of a sugar-phosphate backbdoe @trands in



1. Introduction

figure 1 A) carrying a definite sequence of four nucleotidsds adenine (A), guanine (G),
thymine (T) and cytosine (C) (green and violet pairfigure 1 A). These nucleotides, and
thus both DNA strands, are connected via hydrogerd®, while A and T form a dual bond
and C and G a triple bond. Solely via the definequgnce of these four nucleotide bases,
having a fixed order within three billion base pain total, the biologic information of
approximately 30,000-35,000 genes is encoded. Gaeedefined as domains of the genome
that encode specific structural information forl@img polypeptide chains for the assembly of
proteins. Among humans, the nucleotide sequenceaoch gene is fixed. However, areas
encompassing genes coding for proteins compride2fdsof the whole DNA genome. The
information stored in the remaining non-coding 98%the DNA, also called “junk DNA”
(Venter JCet al., 2001), provides no genetic information, does cmde for proteins, but
contains useful marker loci for DNA profiling, liage information and recognition sequences
for the DNA polymerase enzyme to start replicatibhe four nucleotides A, T, G and C in
these non-coding parts of the DNA are organizeddquences of repeated tandem array
modules. Several non-coding elements are known doldzated there, for instance
pseudogenes, transposons Wta repeats, as well as microsatellite and minisétetfiodules,
which are simple sequence repeats also known as tsinodem repeats (STRs). The number
of these repeating units is highly variable amondividuals as they inherited differing

numbers of these allelic repeat units from therepts.

A

1 =94°C 1=94°C

A B

Temperature

DNA double helix

[0 //»

»
Time

Figure 1. The structure of DNA and the principle ofPCR analysis.A) The DNA is a macromolecule shaped
in form of a twisted step-ladder named double-helikich is 2 nm in width. Four nucleotide basesTAG, C
are arrayed along two complementary strands (bhem)nd via hydrogen bonds (two between A and Teethr
between C and G) and house genomic information.OMA double helix is further coiled around nucleoss
and then twisted several times in a helical wagaok the amount of information into a single contgaclecule
(from Mange EJ and Mange AP, 1998) Schematic principle of the polymerase chain reactOne PCR
cycle is shown characterized via three particidangeratures effecting amplification. The three ingpat steps
are 1) DNA denaturation at 94°C to convert a doubi® a single-stranded molecule, 2) primer aringaht
50°C and 3) primer extension to a complementargnstrat 72°C by the action of a thermostable DNA
polymerase. Repeated cycling for 30-45 times rgsanlan exponential increase in the amount of DNs&emal
that is supposed to be amplified.
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Thus, nowadays, these STR fragments provide tmelatd method for DNA profiling via a
PCR-based method called STR fragment length asalp®A profiling kits generally test for
10-16 STR markers and a sex marker. The probalwlity stochastical match between
unrelated individuals is on average less than ana billion, which makes DNA profiling
very reliable.

There is a wide spectrum of procedures that haem l@stablished up to now to analyze
genomic DNA, and all these procedures basicallpfothe same elementary steps. As DNA
is stored in the cells of biological sample materRNA molecules need to be made
accessible and must be extracted, purified frorh aebris and often concentrated prior to
genetic analysis. As usually the amount of isol&@&tA is not sufficient for direct detection,
an amplification step is mandatory, like e.g. Yia polymerase chain reaction.

The technique of polymerase chain reaction (PCR3¥ wae of the greatest scientific
discoveries in the last century. It is nowadays ohgéhe most commonly used standard
methods applied in modern biomolecular analyticarnaplify segments of double-stranded
DNA when only a small amount is available. Sineedévelopment in 1983 by Kary Mullis,
who was honored with a Nobel prize in chemistry 1893 for that, the PCR has
revolutionized molecular biology (Saiki Ré al., 1985; Mullis KBet al., 1994). The PCR is
an enzyme-catalyzed process, which makes use ofDIiHA polymerase, an enzyme
catalyzing DNA replication within cells for purpasef DNA duplication and cell division.
For performing PCR, besides enzymatic activity aspair of primers is needed, that flank
the DNA fragment that is to be amplified. Primens short oligonucleotides that are designed
to comprise a sequence complementary to the end pathe DNA segment going to be
amplified (Saiki RKet al., 1988). The PCR is a temperature-dependent mpuodgere three
steps are mandatory to amplify a template DNA samphmely denaturation, annealing and
extensionfigure 1 B). As the DNA polymerase can only work on singlesstied molecules,
in the denaturation step both DNA strands are séparby overcoming binding forces and
breaking the hydrogen bonds between base paird°at. RAfter denaturation, temperatures
between 50-65°C facilitate primer binding for baidg the target sequence. The specific
annealing temperature is dependent on the prinmgtheand its composition. This generated
short double-stranded sequence provides the fundafoe the DNA polymerase to start
primer extension at a temperature of about 72°Qith&gizing a complementary DNA
segment. Due to the high temperatures especialingluhe denaturation step, heat-stable
variants of the DNA polymerase are utilized, oraging from thermophile bacteria, like e.g.

the Tag DNA polymerase fronThermus aquaticus (Saiki RK et al., 1988). Repeated cycling
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through these three temperatures, each doublingrtteint of DNA theoretically, results in
an exponential increase in the number of copies gfbecific DNA sequence, relative to the
original number of DNA template copies. Due to thigonential duplication, PCR is highly
sensitive as theoretically one single DNA strandtifficient to produce up to ¥identical
molecules. Sometimes the annealing and extensepws sire combined into one step and
performed at the annealing temperature comprisigstep PCR procedure in contrast to the
generally performed 3-step protocols. During PQRndition times between temperatures
should be kept as short as possible to avoid feomadf non-specific byproducts and to
reduce the thermal stress on the DNA polymerasas,Ttast cooling and heating times are
mandatory. Since its conception, the PCR has beamaef the main laboratory tools in the
life sciences, and has revolutionized many apptioat including molecular biological-,
clinical diagnostic-, medical-, biomedical-, for@is or agricultural-related analysis (Auroux
PAet al., 2002; Auroux PAet al., 2004; Vilkner Tet al., 2004; Chen let al., 2007).

1.2 Micro total analysis systems

During the last decade, the miniaturization of balgtical processes has become a broad
field of research due to the related enormous adgas. For instance, scaling down analyte
volumes saves costs. Improving sample throughpaough parallelization and automation is
a further major advantage.

Miniaturization became possible by the developmehnimicrofabrication technology for
generating micro-electro-mechanical-systems (MEM®)ch was acquired from the rapidly
evolving electronics industry in the early 1990&isTtechnology allowed the production of
microfluidic devices that are capable of handlimgnipulating and processing small amounts
of liquid. An envisioned integration of all sampleacessing steps to one single microdevice
established growing interest in this field of reska In the 1990s the term “micro total
analysis system (LTAS)” was introduced describimg itlea to operate whole processes on
microfluidic platforms serving as a “lab-on-a-chi@Manz Aet al., 1990; Auroux PAet al.,
2002; Reyes DRt al., 2002; Vilkner Tet al., 2004; Dittrich P&t al., 2006). A uTAS device
was projected being capable of incorporating mamgcroscale techniques like sample
handling, analysis, and detection altogether owntt jpne single miniature microfluidic
instrument. These UTAS-related features were emeési to enhance selectivity and
sensitivity of analytical performances as well aalding a more economical consumption of

sample material, reagents, chemicals and reacttimes. Within the last decade, the area of
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microfluidic technology associated with uTAS hasiba rapidly developing field (Craighead
H, 2006; deMello AJ, 2006; EI-Ali 8t al., 2006; Janasek Bt al., 2006, Whitesides GM,
2006; Yager Rt al., 2006). A huge variety of excellent publicatiammncerning U TAS can be
found in literature (for a broad overview see rexgeof Reyes DRt al., 2002; Auroux PAet

al., 2002; Roper MGt al., 2005; Dittrich P&t al., 2006; Zhang C®t al., 2006; Horsman
KM et al., 2007; Zhang C and Xing D, 2007; Chemtlal., 2007; Zhang Y and Ozdemir P,
2009). Almost day after day novel articles conaggniminiaturized analysis systems are
published online and the area of micro total anslggstems is still growing rapidly.

The rapid development of microdevices over the pastide has pioneered the interest for
their application in forensic genetic analysis (Uihet al., 2001; Huang et al., 2002; for a
broad overview see Horsman Ké#lal., 2007). In improving the particular macroscalmpke
processing steps, like e.g. sample preparatiomdigge cell sorting, DNA extraction, DNA
guantitation, PCR amplification and DNA separationgrodevices are envisioned to become
“the” technology in future forensic DNA laboratasieln this way, microdevices have the
potential to revolutionize even forensic DNA tegtirwith state-of-the-art analytical
technology. In particular, great effort has beem ipto the miniaturization of genetic tests
(Auroux PA et al., 2004; Kricka LJ and Wilding P, 2003; Zhang C axidag D, 2007),
especially with regard to the miniaturization o€ fholymerase chain reaction. As the original
cellular material available for genetic analysioften extremely limited, miniaturized PCR
gives the advantage of low reagent and sample ogptson. Besides microchip PCR,
miniaturizing labor-intensive preparative steps blogical material has brought some
advancement as well, but still remains a delicask tdue to complexity of methods and
variety of target sample materials. Comparablereffoave been made in miniaturizing post-
PCR product detection methods, like the size-depeindeparation of DNA fragments in
restriction fragment length polymorphism (RFLP) ®FR analysis for purposes like DNA
fingerprinting or DNA profiling.

Modular, single-process devices as well as totadtggrated microfluidic systems are in
development to fill both high-throughput batched aomplete single-sample analysis niches.
However, the standardization, commercialization &inal manifestation of microdevices in

forensics will surely take another decade.
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1.2.1 Miniaturization of PCR technology

Enormous efforts have been undertaken to integh@golymerase chain reaction in fluidic
microdevices due to its universal importance fet ffene-based analytics and the advantages
of miniaturization.

Conventionally, PCR is performed in thin-walled gtia tubes comprising reaction volumes
in the range of 2-50 ul, which are inserted intohambered temperature-controlled metal
block for performing material amplification. Thietap bears a number of issues being
disadvantageous for a fast analysis performancencAnly the PCR mixture needs to be
heated up and cooled down, but also the whole chenliraditional PCR systems are
characterized by a large thermal mass, leadindpt® Beating and cooling rates and lengthy
PCR reactions. The key to faster thermocycling ®itteer increasing the heat transfer rate or
decreasing the thermal mass, or both. The longsitran times and the high power
consumption of these conventional bulky systemmiehte the possibility of making a
battery-operated and portable PCR system. In aallithe reaction tubes are large and the
required amount of PCR reagents makes the wholeepsoexpensive. As the detection of
PCR products has generally to be done off-linejn.@nother instrument, additional costs can
be listed.

In comparison, the miniaturization of PCR devicéfers numerous remarkable advantages
over current conventional macroscopic technologkasst, the volume of PCR mixture
thermocycled is reduced by several orders of madajthaving PCR chambers with reaction
volumes on the order of microliters to nanolitef@r microchip PCR this means a low
reagent as well as sample consumption, decredsengosts for genetic analysis dramatically.
Second, due to the small dimension of microflutdichnology much faster analysis times can
be achieved. As just the microchip substrate orréaetion solution undergoes heating and
cooling procedures, the thermal mass is reducediwedg providing a rapid heat transfer. As
cycling rates depend on rapid heating and coolatgsr of the device, microdevice PCR
benefits with increased speed of thermocycling. rivibip PCR not only affords much
shorter assay times, but also favors less poweswboption and a great potential of
integrating multiple processing modules for highstighput purposes. High-throughput is
one of the most important issues in fabricating P@Rrodevices. As most conventional
thermocyclers hold 24 to 96 polypropylene tubesltipla PCR chambers for simultaneous
reactions (most importantly positive and negatioetmls) and multiplex amplifications must

also be integrated into microchip PCR devices.
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Besides these quantitative advantages, analytizabahips offer further significant benefits
over existing methods concerning quality of analyBiue to the dramatic decrease in reaction
volumes, these include enhanced analysis sengitand efficiency as well as increased
quality of assays with respect to sample trackind geproducibility due to the potential of
automation (Auroux PAt al., 2002; Reyes DRt al., 2002; Vilkner Tet al., 2004; Dittrich

PS et al.,, 2006). Decreased sample handling due to automaif nearly all necessary
processes, from sample preparation to outcome alysis results, is also a remarkable
attribute. This is a key feature particularly fbetforensics community, providing less facility
for sample contamination during processing stap@rdler to eliminate cross-contamination
between samples, the safest way is by using a shg® system (as reported and realized by
Neuzil Pet al., 2006 (a+b)), while at the very least the parthaf device, which comes into
contact with the sample, should be disposable. rthéu attractive feature of miniaturized
PCR is its portability, making it useful for in-tfield analysis.

Despite an enormous number of published and patdi@R microchips and miniaturization
methods for integrating PCR into microdevices, ordy few of them have been
commercialized (Kricka LJ and Wilding P, 2003). Gaxample is the miniature analytical
thermal cycling instrument (MATCHI) (Ibrahim M& al., 1998; Northrup MAet al., 1998).
However, the market for PCR-on-chip systems i$ tsiijgered by the increasing demand for
such systems in molecular diagnostics, for apptioatsuch as blood screening for infectious
diseases, but also for forensics, paternity, foafdty, agri-diagnostics and veterinary

applications.

1.2.2 Modes of microchip-based PCR

Numerous designs of PCR microdevices became popalyting in basic chip substrates
(Reyes DRet al., 2002), surface treatments to prevent stickingbmmolecules, chip
architectures and purposes of being modular systermgegrated ones. The architecture of a
microdevice is certainly the most important feataseit defines its function, reaction speed,
reaction volume and the sequence of actions taiace on the device. Some devices were
just concentrating on on-chip preparative stepslewPCR analysis of sample material was
performed off-chip. Others just focused on on-cR@R followed by on-chip detection
methods like e.g. capillary electrophoresis or oacray, while applying pre-purified DNA
sample material. The technically most challengaigdn-a-chip devices integrated all sample
processing steps. A review about these featurepveasded by Zhang C and Xing D (2007).

Concerning the architecture, three modes of midppdACR technologies have been
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established for fitting to a small chip. 3-dimems&bapproaches were realized as a) stationary
cavity-based or b) continuous flow-through devicesile a 2-dimensional solution was
provided in c) virtual reaction chamber-based orfds.three methods comprise special
developed chip architectures, including variousigies of PCR chambers and heating
technologiesf{gure 2). The three modes of microchip-based PCR techyodmg described

in brief in the following paragraphs.

cover plate B denaturation  extension annealing C
(|
sample I outlet PCR
chamber solution
: ]
I ] - - [
inlet :‘
temperature sensing heating heating temperature sensing heating
element element elements element element

Figure 2. Modes of performing microchip PCR.A) Stationary chamber-based PCR. The PCR sample is
thermocycled via heating the whole chamti&y.Continuous-flow or flow-through PCR. The PCR saeni
thermocycled via being pumped along an unidireeti@mannel system through different temperatureegdr)
Virtual reaction chamber PCR. The PCR sample isntbeycled via heating the chip surface locally. Urés
were adapted from Thalhammer S (2009).

a) Stationary cavity- or chamber-based PCR microdevices. Stationary cavity-based PCR is
performed in single or multiple miniaturized PCRaotbers. The PCR solution is kept
stationary within the cavity, while the temperatofé¢he reaction chamber is cycled between
PCR relevant temperatures. The first chamber-b&@R microdevice was presented by
Northrup MAet al. (1993), followed by several similar approachesidiig PJet al., 1994;
Waters LCet al., 1998; Lagally ETet al., 2001). In the following years, simple functicos
microfabricated devices have been reported thapediorm analysis of nucleic acids (Yang J
et al., 2002; Sethu P and Mastrangelo CH, 2004; ChungtYal,, 2004) as well as detection
of pathogenic bacteria and genotyping (Liu RH amddinski P, 2003; Liu RHt al., 2004;
LiuY et al., 2003; Lagally ETet al., 2004; Lagally ETet al., 2001). The most straightforward
stationary cavity-based PCR approaches fabricatiegrate an array of reaction chambers of
micro-, nano- or even picoliter volumes for pafaPR reactions (Burns MAt al., 1998;
Krishnan Met al., 2004; Lee D&t al., 2004; Liu Jet al., 2003; Northrup MAet al., 1998;
Woolley AT et al.,, 1996). Recently, a channel-based three-dimeakiarmrayed micro
droplet-in-oil microfluidic easy-to-handle PCR ftatn was introduced by Zhang &t al.
(2009). It was used as efficient tool for DNA arsady performing 108 reactions in parallel.

A distinct advantage of stationary systems is #ut that only the temperature of the chamber

needs to be cycled in order to modify the tempeeatd the PCR solution, while an external
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pumping system or other means to move the PCR saanpund are not required. However,
due to complex architectures, very complicated afiigidic control modules were usually
incorporated. These require experienced operatiskiis and thus are difficult to handle as
well as difficult to fit into routine biological lzoratories and clinical settings. Additionally,
heating the whole chamber is quite disadvantagemsishat attributes a large total thermal
mass to these PCR chips and heat transfer froinetiter to the sample is a limiting factor for

fast systems.

b) Continuous flow-through PCR microdevices. This mode of microchip PCR features a
dynamic process, where the solution is continuopsiyped through a microfluidic channel
system into differently heated temperature zond® first flow-through PCR device was
introduced in 1994 (Nakano Et al., 1994) and has been refined in subsequent agpsac
(Kopp MU et al., 1998; Kohler JMet al., 1998; Chiou &t al., 2001; Liu Jet al., 2002; Chen
ZY et al., 2004; Hashimoto Mt al., 2004; Wang Ht al., 2006; Mohr St al., 2007). The
latest developments of continuous-flow microfluidCR are summarized in a review of
Zhang Y and Ozdemir P (2009).

The prominent advantage of flow-through systemthad they typically comprise zones at
three constant temperatures, so that only the sang®ds to change temperature by moving
between zones. In this way the thermal mass iscegtlto a minimum and cycling can be
performed at high speeds. Based on this princighe,elegant solution was provided by
infrared radiation (IR) as heat source (OdadRRl., 1998; Hihmer AFR and Landers JP,
2000; Giordano BGt al., 2001 (a)). The IR light source was used to $elely heat the
water in solution rather than the microdevice subst resulting in extremely rapid cycling
times. The type of flow-through PCR is faster thime first one, but it requires an
implementation of a mechanism to move the sampmerat. In both cases, the heaters are
integrated with the PCR system, so it is not ecdnahto dispose the device to avoid cross-
contamination after performing only a single teshother prominent disadvantage is the
requirement of an external bulky syringe pump faving the fluid, which negatively affects
the development of compact, portable and integratedtinuous-flow PCR chips.
Additionally, high fabrication cost and difficulsecontrolling the continuous liquid flow have

been reported, and parallelization cannot easilsebbzed as it complicates chip architecture.

¢) Virtual reaction chamber PCR microdevices. In virtual reaction chamber (VRC) PCR
devices, miniaturization is realized by performipGR in free micro droplets on chemically

modified surfaces. Using a hydrophobic and oleophstructured planar surface providing
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fluid confinement, small-scale droplets themselfugstion as virtual test tubes held together
by surface tension of the liquid and surface chesnf the substrate. To prevent evaporation
and cross-contamination, droplets are covered merai oil in an old-fashioned way. The
first virtual reaction chamber PCR device was idtrced in 2005 (Guttenbergetal., 2005),
which has been advanced in several ways (NeudilaR, 2006 (a); Neuzil et al., 2006 (b);
Pipper Jet al., 2007; Pipper &t al., 2008). Actuating droplets on the planar surfeatg on
electrowetting (Srinivasan ¥ al., 2004), dielectrophoresis (Gascoyne P&GI., 2004),
(electro-)magnetic forces in combination with syga@amagnetic particles (LehmanretAl.,
2006), or surface acoustic waves (Guttenbeegal., 2005).

An open and planar PCR microdevice excels a loadfantages over conventional 3-
dimensionally fabricated devices, following praabdity issues. 1) While stationary chamber
and flow-through PCR devices have complex threeedsional architectures and are based
on complicated MEMS processes, a planar VRC PCieéd®an be fabricated much simpler.
2) Especially the manipulation of individual drojslen a planar surface offers an attractive
option for uTAS devices with regard to flexibilifgurposes. The open chamber design
provides easy access to surface modification asttlpGR sample retrieval for downstream
analysis. 3) As the majority of micro PCR chipsnquise closed chamber systems, requiring
filing up the entire reaction chamber with reantionixture, the reaction volume is
indispensable defined by the chamber size onceddévice is fabricated. In open, planar,
virtual reaction chamber devices, the reaction maiwcan be further reduced using the same
device (Guttenberg £t al., 2005). 4) As reaction droplets are completeblaited from
contaminating environmental influences due to hptabic coverage, the chance of
contamination is minimized. 5) The temperature @riox can be physically separated from
the PCR reaction chip and reused, so that justhibeochip needs to be replaced for each new
reaction (Neuzil Pet al., 2006). Such kinds of disposable PCR chips aee riost
straightforward approach in order to eliminate sktp-sample cross-contaminations in PCR
microdevices. Since 2005, this slide-based virtealction chamber microPCR technology
has been optimized for parallel processing, an@inecalso known as low-volume PCR. Via
chemical surface treatment 48-60 hydrophilic PCRctien spots were generated on one
single glass slide and arranged in an array-likewmaa Several applications of this low-
volume PCR based devices were reported, mostlyarmaglin the forensics field of research
(Proff Cet al., 2006; Schmidt Wt al., 2006; Lutz-Bonengel & al., 2007; Schmidt W&t al.,
2008).
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1.3 Scope of this work

When starting this work the presented lab-on-a-clipprised two stand-alone units, a laser
microdissection module for sample retrieval andamgr chip-based DNA amplification unit
operating the virtual reaction chamber PCR techyoltn course of this thesis, the two basic
modules were combined to a whole modular lab-oh#p-system by adding three more units
(in collaboration with cooperative project partner§he implemented modules include a
transfer system for loading the analysis chips lo¢ DNA amplification unit with
microdissected sample material, a PCR product tieteainit and an automatic fluid
dispensing device serving the planar analysis chip.

After integration, the aim of the presented worlksv@ test the developed modular lab-on-a-
chip system for its use in forensic genetic DNA lgsia. The focus was to identify the
smallest amount of sample material allowing forastf reliable and sensitive analysis.
Furthermore, the analytical procedures for opegasinthe minimum level of contamination
had to be explored. These features are espeaiafigriant in forensic genetic DNA analysis,
in which case the amount of available sample nadtési often very small. The approach

described here also serves to minimize the timecastlof analyses.
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2. Materials and Methods

2.1 Sample materials and preparation

In the following short paragraphs all kinds of séenmaterials utilized for genetic analyses
are summarized. The particular procedures of sarppdparation prior to analysis are
described as well.

2.1.1 Male and female human genomic reference DNA

Male and female control DNA was extracted using pegGOLD Tissue DNA Mini Kit
(PegLab Biotechnologie GmbH, Erlangen, Germany)ptovide purified DNA material
serving as reference samples. Female DNA was ¢attdcom Hela cells (cultivated in
DMEM medium and kindly provided by a collaborativaboratory of the Ludwig-
Maximilians-University, Munich, Germany), while neaDNA was extracted from a fresh
heparin-treated male blood sample originating frartaboratory member. DNA extraction
was performed according to the respective protdeoolblood or cultured cells, recommended
by the manufacturer. Concentration of purified #®s8a was measured via UV
spectrophotometry (NanoDrop ND-1000, PeglLab Biotechnologie GmbH, Erlangen,
Germany) and reached values from 291.1 ng/ul to.54%@/ul concerning the female
reference sample and values from 5 ng/ul to 10lng/pcerning the male reference sample.
Using sterile water for dilution (Ampuwa Fresenius, Bad Homburg, Germany), small
aliquots of male and female reference DNA were areg to known concentrations of
100 ng/ul, 10 ng/ul, 5 ng/pl and 1 ng/pl and staredterile 0.5 ml PCR-tubes (Eppendorf
AG, Hamburg, Germany).

2.1.2 Paraffin-embedded human intestine, mamma anoladder tissue

Eight tissue samples of three human tissues weamieed and were derived from male and
female individuals. Tissues originated in one dasen bladder tissue (named tissue3), in one
case from mamma tissue (named tissue6) and ine& demm intestine tissue of individuals
(named tissuel, tissue2, tissue4, tissueb, tisand tissue8). Tissue pieces of about 2x2 cm
in diameter were embedded into square paraffinkislodMicrotome-cut tissue sections of

2-4 um were placed on an ultra thin 2 pm polyetgdaaphthalate laser supporting carrier
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membrane (PEN), mounted on 1.00 mm thick standaidrostope object slides
(MicroDissect GmbH, Herborn, Germany). These paradmbedded tissue sample slides
were kindly provided by the Institute of Pathologklinikum Bogenhausen, Munich,
Germany). Deparaffinization was achieved by xylermibation (Merck KGaA, Darmstadt,
Germany) for 30 min and subsequent decreasing @laanies (100% EtOH for 5 min, 90%
EtOH for 2 min and 70% EtOH for 2 min; Merck KGaBarmstadt, Germany) at room
temperature. After drying, tissue material, fixed ® um PEN carrier membrane coated

slides, was used for laser microdissection.

2.1.3 Anticoagulant treated whole blood

Whole blood samples from four individuals were exsed, two male (named 1 and 2) and
two female ones (named 3 and 4). Blood specimens wellected into EDTA K treated
blood collection tubes (Monovettes, SARSTEDT AG &.CNumbrecht, Germany), to
inhibit blood clotting and coagulation. Small 10Dgliquots of 100% whole blood and 10%
blood (v/v), diluted with sterile water (AmputtaFresenius, Bad Homburg, Germany), were
stored in sterile 0.5 ml PCR-tubes (Eppendorf A@nHurg, Germany). Consistently 0.1 pl
of 100% and diluted 10% whole unpurified blood sksapwas used per 1 pl LV-PCR

reaction volume, resulting in final dilutions of%0and 1% blood (v/v) per reaction.

2.1.4 Time dependant setup of degrading dried blalospots

Whole blood specimens from a female individual weodlected into conventional plastic
syringes (Becton Dickinson GmbH, Heidelberg, Gemmawithout adding anticoagulants.
Immediately after extraction, several blood spdtd qul of volume were spread onto pre-
cleaned and decontaminated object slides (Carl BotbbH, Karlsruhe, Germany) and dried
at room temperature. Before use, object slides wiex@ned with 70% EtOH (Merck KGaA,
Darmstadt, Germany) and decontaminated using a WUyl@ source (PCR Workstation,
PeglLab Biotechnologie GmbH, Erlangen, Germanypfdeast 60 min. For analysis, samples
of dried blood spots were taken after 0 min, 30,6 min, 120 min, 6 h, 24 h, 2 days, 4
days, 7 days, 2 weeks, 3 weeks, 4 weeks and 3 sidfih sample take-up, single dried blood
spots of 1 pl were resolved in 10 pl of sterile avafAmpuwa’, Fresenius, Bad Homburg,
Germany) on the surface of the object slide. Fididitions of 10% blood (v/v) were
transferred into sterile 0.2 ml PCR-tubes for gergEppendorf AG, Hamburg, Germany).
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Using consistently 0.1 pl of this diluted 10% blosaimples for analysis resulted in a final
dilution of 1% blood (v/v) per 1 pl LV-PCR reactionlume.

2.1.5 Ancient bone tissue material

Bone tissue samples from four ancient Egyptian miganof the ‘Mummy Collection of

Munich’ were examined and derived from an indepehdaboratory after anthropological
and archaeological study. The mummies originaliginated from the so-called ‘Tombs of
the Nobles’, the huge necropolis of Thebes-Wedthhd been mainly built during the New
Kingdom (NK) (c. 1550 — 1070 BC) and which had besed during the Third Intermediate
Period (TIP) until the Late Period (LP) (ca. 500)B&ccording to the collection records, the
long bones originated from mummies found in fouifedent tombs of the necropolis of
Thebes-West. The four specimens were all long kamples and comprised of a fibula
(named mummyl), a distal part of a tibia (hamed myg), a distal part of a humerus

(named mummy3) and a tibia diaphysis (named mummy4)

Paraffin-embedded ancient bone tissue material. Bones were first cleaned with sodium
hypochlorite (0.5% solution) and subsequently th&eosurface was removed mechanically
with appropriate sterile tools. To avoid externaht@amination, several tissue samples were
taken exclusively from the inner parts of the bomea nested way using sterile blades. A
tissue block from each of the four bone samples ieasved and subsequently rehydrated
(Parsche F and Nerlich A, 1997). For paraffin-entegl procedures, decalcification of bone
particles was achieved by 0.1 M EDTA-solution, pH, followed by post-fixation with 4%
buffered formaldehyde. After paraffin-embeddinghested isolated tissue blocks, sections of
3-5 um in size were cut via microtome and placedao@ pm ultra thin polyethylene-
naphthalate (PEN) laser supporting carrier membnaraeinted on 0.17 mm thin microscope
cover glass slides (MicroDissect GmbH, Herborn, n&ary). Prepared paraffin-embedded
bone tissue sample slides were kindly provided hmy lnstitute of Pathology (Klinikum
Bogenhausen, Munich, Germany). Deparaffinizatios aehieved by xylene (Merck KGaA,
Darmstadt, Germany) incubation for 30 min and sgbeet decreasing alcohol series (100%
for 5 min, 90% EtOH for 2 min and 70% EtOH for 2mmiMerck KGaA, Darmstadt,
Germany) at room temperature. After drying, sammpbgerial, fixed on 2 um PEN carrier

membrane coated slides, was used for laser mic®ctisn.
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DNA extracts from pulverized ancient bone tissue material. Bones were first cleaned with
sodium hypochlorite (0.5% solution) and subsequyetitie outer surface was removed
mechanically with appropriate sterile tools. Boratigles of the four bone samples were
pulverized using a mixer mill (MM200, Retsch, Ha@grmany). Pulverized bone specimens
were subjected to conventional pathological DNAra&stion (Zink A et al., 2003). DNA
extraction was tested by UV spectrophotometry (Napnp~” ND-1000, PegLab
Biotechnologie GmbH, Erlangen, Germany), measutimegDNA concentration of extracted
mummy DNA material. DNA amounts of 2.1 to 10.0 dgere measured from 1 g of
pulverized bone tissue. Amounts of 50 pg respelgtii/®0 pg of this conventionally extracted

mummy DNA material were used for LV-PCR analysis.

2.1.6 Genomic sample material of individuals

Genomic sample material was extracted from sciendgifaff for DNA profiling purposes in
anticipation of introduced external contaminatingrgs, in particular in regard to ancient
sample materials. Saliva samples were taken frooma&ologist/excavator of Egyptian
mummy material, technical assistance staff, lalboyatnembers and involved scientists,
simply all people who have been knowingly in contacsth laboratory equipment and
consumables and any kind of mummy material usedhénfollowing these individuals are
termed ‘scientific staff'. Sample material of sdiéin staff as potential contaminators was
extracted from saliva via sterile cotton buds (Naudptaca, Canelli (AT), Italy) and dried for
20 min at 37°C. To isolate DNA out of dried salsamples the First-DNA All-tissue DNA
kit (Gen-ial, Troisdorf, Germany) was used accogdin the manufacturer's protocol. To
release saliva cell material from cotton buds, tipsotton buds were transferred into 450 pl
of lysis solution. Finally, pellets were dilutedttvisterile water (Ampuwg Fresenius, Bad
Homburg, Germany) to a final volume of 20 ul. Fa¥M®typing reactions of scientific staff,
1 pl of these DNA extracts was used in LV-PCR asialy

2.2 Experimental techniques

The following sections summarize all techniquest thare used for processing sample
materials. Pre-PCR and post-PCR applications aseritbed as well as all kinds of hardware

devices utilized.
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2.2.1 Temperature measurement

Temperature measurements were performed on theCgster PCR module of the lab-on-a-
chip system to test for heat transfer capabilitidse CytoCycler and its components were
fabricated by the company Advalytix AG/Beckman QGeulBiomedical GmbH (Munich,
Germany). It was a module of the lab-on-a-chip (DG&gstem and provided the basis for
performing PCR analysis. It comprised a chip-holehetuding a cavity for installing LOC
chips, a temperature control device, a high frequé€HF) generator (FC 1201 HF) serving as
SAW control device as well as particular softwaregrogramming PCR protocols.
Temperatures for thermal cycling were provided b¥dltier element, controlled via the
appropriate software “CytoCycler” (Advalytix AG/Bleman Coulter Biomedical GmbH,
Munich, Germany). To validate the temperature fiemfsom the Peltier element to LOC chip
surface, temperature measurements were carriedisig) an adapted measurement LOC
chip. The measurement LOC chip comprised a Ptl0(pdeature sensor fixed on the LOC
chip surface, exactly positioned on reaction ceBtecentered to the middle of the Peltier
element when implemented into the chip-holder. @oted to a temperature measurement
device (Prazisionsthermometer GMH 3710, Greising&ctronic GmbH, Regenstauf,
Germany), the heat transfer from the Peltier eldrttenugh the glass substrate to the surface
of the measurement LOC chip was analyzed. On tleehand, increasing temperatures steps
comprising a temperature increment of +5°C per stee measured, starting from 25°C to
105°C. Each temperature was kept for a hold time&8®fsec, before raised to the next
temperature level. On the other hand, temperatigggs and hold time of each temperature
were measured in a way relevant for PCR analysisylating repeated PCR temperature
cycling. Starting at 95°C for 10 min, the measuretaevere continued by 3 to 5 cycles of the
representative temperatures 94°C, 60°C and 72°@ keept for a hold time of 30 sec. The
duration of temperature steps was controlled usingalarm timer in parallel. Comparing
input temperature of the software and output teatpee of the temperature measurement
device, differing temperatures were adapted in dbftware to fit the output. Data was
evaluated by using graphically software (OriginPfd SRO, OriginLab Corporation,
Northhampton, MA, USA). The latter measurementsutatmg thermal PCR cycling were
performed on the AmpliSpeed slide cycler as welld@ytix AG/Beckman Coulter
Biomedical GmbH, Munich, Germany). In all applicats of the lab-on-a-chip system, the
AmpliSpeed slide cycler was used as reference LR @€vice, validating the results of the
LOC CytoCycler as providing reference, negative pasitive controls. Measurements were

repeated several times for validation.
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2.2.2 Laser-based microdissection

Recovery and isolation of sample material out gaffen-embedded fixed biological material
was achieved by laser-based microdissection usingdified UVA-laser system (CryLaS
GmbH, Berlin, Germany) integrated into an invertgdical microscope (Axio Obsever.Z1,
Carl Zeiss GmbH, Jena, Germany), based on the pasiple reported by Thalhammere§

al. (2003) and Thalhammerebal. (2004).

Specimens and biological material destined forrlaserodissection were applied directly
onto a 2 um ultra thin polyethylene-naphthalateNJPE&ser supporting carrier membrane.
The PEN membrane was mounted on 0.17 mm thin nuopes cover glass slides or on
1.00 mm thick standard microscope object slides(dissect GmbH, Herborn, Germany)
serving as supporting backbone for cutting andatsmh of material while lowering adhesion
forces. Before utilization, PEN membrane coatedesliwere decontaminated in a sterile
environment by treatment with ultraviolet light mgia UVC light source (PCR Workstation,
PegLab Biotechnologie GmbH, Erlangen, Germany)atoleast 30 min, in order to exclude
DNA contamination. Microdissection operations wegically controlled by either a color
firewire camera (PixeLINK, BFI Optilas, Munich, Geany) or a black & white CCD camera
(Rolera-XR, QImaging, Surrey BC, Canada) and appatgal software (QCapture Pro 6.0,
QImaging, Surrey BC, Canada). The laser energy els ag the laser focus was regulated
exactly to the focal plane of the PEN carrier meamit providing a thin and sharp cutting
line without scattering. When 0.17 mm thin micrgseccover glass slides were used, the
numerical aperture of the objective was adjusted..® for tuning the laser focus to the
focused object plane. The numerical aperture wasos&.0 when 1.00 mm thick standard
microscope object slides were used. Biological neltef interest was visualized using 5x,
10x, 40x or 63x magnifying objectives. For micragistion, the pulsed laser beam was
directed from below through the objective lens #mel microscope glass slide to the PEN
membrane, on which the sample resided. Using @ 3t0/pulse laser energy, sample material
of interest was separated from its surrounding lyving the microscope XY-stage and
ablating unwanted material. Extraction blanks, oudésecting PEN carrier membrane devoid
of sample material, were always included in evepcedure.

After laser microdissection isolated material wasaeted and transferred via a low-pressure
operated transfer device named SPATI®g(e particle asorbing tansfer_gstem) (XYZ High
Precision, Darmstadt, Germany), integrated at tloeascope. The SPATS provided a totally
new approach for controlled horizontal materiahsfar after laser microdissection directly
onto any planar microdevice (Woide é al., 2009; EU patent 08150662.8). The SPATS
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device consisted of a copper collection grid, hgvindiameter of 500 um. The grid was
attached to a transparent glass capillary tube,pasing the adsorbing head. The glass
capillary tube was fixed to a carrier device, pdivg both a connection to a micrometer step
motor for XY-directed movements and a connectionatg@ressure-supplying pneumatic
picopump (PLI-100 pressure control unit, Harvard paAmtus, Holliston, US). For
contamination reasons, adsorbing heads were exetidngevery single isolation procedure,
when sample material was diverse. Otherwise, grdee cleaned by 70% EtOH (Merck
KGaA, Darmstadt, Germany) treatment and decontaetnasing a UVC light source (PCR
Workstation, PeqlLab Biotechnologie GmbH, Erlangearmany) for at least 30 min when a
new procedure on the same sample material wagdtarta the micrometer step motor the
low-pressure transfer device SPATS was fixed toitiverted optical microscope used for
microdissection purposes (Axio Obsever.Z1, CarsZ&mbH, Jena, Germany).

Biological material destined for SPATS transfer wasunted on 2 um ultra thin PEN carrier
membrane mounted glass slides (MicroDissect GmbEtbétn, Germany), as already
described for laser microdissection. The PEN camembrane served as carrier substrate,
favoring SPATS-mediated particle transfer out ofreunding material while keeping
adhesion forces of the subjacent glass slide ananam. For sample uptake, the adsorbing
head was approached to the sample surface keeplisgaace of about 100 um or less. The
collection grid was centered to the sample shapeptimal sample uptake. Applying low-
pressure (0-0.75 kPa) adsorbed single particlésetoollection grid, while grid-directed low-
pressure suction needed to surpass adhesion fofc#®e glass slide surface. Dissected
particles in the range of 5-500 mm were selectivsdy adsorbed under optical control.
Smaller particles fell below the diameter of thedgneshes, and larger ones exceeded the
visible adsorption zone. For transfer, the adsgrbdiead was raised up again and moved
vertically and horizontally to a desired, predefinenloading position. During material
transfer low-pressure was maintained to avoid lggp#ine sample. Release of sample material
was controlled with um-precision either onto thefaze of any planar analysis microdevice
or into a tube. Release was managed by approatengrid to about 100 um to the surface
predefined for sample release and simply switclifogh low-pressure operation to a short
high-pressure impulse (413 kPa, 2 milliseconds)eAfelease, sample material was available
for further biochemical processing. Optimally, séenpnloading was performed into a small
volume of fluid, prepared on the surface supposedsdmple release. Droplet volumes on
planar chip surfaces for sample uptake ranged leetWe2-1.0 pl, while sterile water as well

as directly PCR reaction mix was used. By this rseaample material was adsorbed,
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transferred and released in a highly precise, safgble and gentle way at a predefined,
designated position on a planar surface.

Laser microdissection and transfer of human intestine, mamma and bladder tissue
material. Small tissue particles of about 500 pm in diametere microdissected and then
isolated out of tissue sections and transferredtaSPATS device. Sample material was
transferred onto a planar multi LV-PCR microdewoenprising 48 hydrophilic reaction sites
for performing virtual reaction chamber PCR (Ampidk] AG480F, Advalytix
AG/Beckman Coulter Biomedical GmbH, Munich, Germar8ample material was released
directly into 0.5 pl of sterile water (AmpultaFresenius, Bad Homburg, Germany) prepared
on hydrophilic reaction sites and dried at roompgerature for subsequent LV-PCR analysis.
In an analogous manner, sample material was apfaiéte hydrophilic reaction center B of

LOC chips and directly released into 1.0 pl of LR master mix.

Laser microdissection, particle transfer and DNA extraction from ancient Egyptian
mummy bone tissue material. Single osteon areas in the range of 350 um in diamveere
microdissected, and then isolated out of bone @iseaterial and transferred via the SPATS
device. Osteon bone particles were released dirdotb a sterile 0.5 ml PCR-tube
(Eppendorf AG, Hamburg, Germany) containing 112l%fulysis solution for subsequent
DNA extraction using the First-DNA All-tissue DNAitk(Gen-ial, Troisdorf, Germany)
according to the manufacturer’s protocol. In a Ifisgp, extracted DNA was pelleted and
resolved in 10 pl of sterile water (AmpuwaFresenius, Bad Homburg, Germany) serving as
total extraction solution. Concentration of extemttancient DNA was about 60 pg/ul as
measured using real-time PCEhépter 2.3.9. Amounts of 60 pg of the extracted mummy

DNA material were used for LV-PCR analysis.

2.2.3 Polyacrylamide gelelectrophoresis and DNAIlger staining

Horizontal wlyacrylamide geldectrophoresis (PAAGE) followed by DNA silver staig was
used for standard detection of PCR products. Viggooylamide gelelectrophoresis, charged
molecules were separated according to their size. 1 their charge these molecules were
forced to migrate through the polyacrylamide getyvsg as support medium, in an electric
field under controlled conditions of temperaturé], poltage, and time. As PCR products
were negatively charged due to the sugar-phosgiatiebone of DNA, migration happened
towards the anode and PCR fragments were sepaaatamiding to their size-dependant
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charge. For PAAGE precast 10% polyacrylamide DNAs d€leanGel 10% or CleanGel
HyRes, ETC GmbH, Kirchentellinsfurt, Germany) wartlized. Before use, gels were
rehydrated in appropriate buffers: 10% CleanGelslfé h in Delect Gel Buffer and HyRes
CleanGels for 2.0 h in DNA HyRes Buffer (ETC GmbHKirchentellinsfurt, Germany).
PAAGE was performed using a horizontal gel eledimpsis device (GenePhor
electrophoresis unit, Amersham Biosciences Europ®l® Freiburg, Germany), a power
supply (Electrophoresis Power Supply EPS 601, Aha@rs Biosciences Europe GmbH,
Freiburg, Germany) and appropriated anode and H#ethiouffers, provided with the
CleanGels by the manufacturer: (-) Delect Cathod#eB and (+) Delect Anode Buffer for
10% CleanGels and (+/-) DNA HyRes Buffer for HyR@eanGels. Using 10% CleanGels
electrophoretic separation was performed using\680r about 60 min. Settings for HyRes
CleanGels were 180 V for 40 min followed by 3600v &bout 60 min.

For DNA staining via silver nitrate a prepared sil\staining system was used (DNA silver
staining kit, GE Healthcare, Uppsala, Sweden). Adiog to the manufacturer's protocol,
CleanGels were first incubated in 1x Fixing Solat{@5 min for 10% CleanGels, 45 min for
HyRes CleanGels), washed 3x for 10 min yOff, incubated in 1x Staining Solution (35 min
for 10% CleanGels, 45 min for HyRes CleanGels),heds2x for 1 min in KO, followed
by applying 1x Developing Solution (time depended the staining grade) and final
incubation for 30 min in 1x Stopping & Preservingj\@ion. Stained CleanGels were scanned

for documentation and sealed in plastic bags fog iime storage.

2.2.4 Capillary electrophoresis and STR fragmentngth analysis

Fully automated capillary electrophoresis (CE) waed for fast and sensitive separation of
PCR amplified STR fragments for genetic profilingrposes. Short tandem repeats (STRS),
located in non-coding DNA domains, are short seqgesrof DNA which are repeated in
tandem several times, while the number of repeatseey between complementary DNA
strands and between individuals. In CE, small-dieameapillaries, a little larger than the
width of a human hair and about 20 centimetersength, are used to separate the various
STR fragments due to electroosmotic flow. The suarfaf the capillary contains negatively
charged functional groups, while positively chargeds migrate towards the negative
electrode and carry solvent molecules in the sammezttbn. Positively charged ions move
faster and negatively-charged ones slower, thugragpn of PCR products happens via their
size-dependant charge. Due to fluorescently lab8IE primers amplified DNA fragments

are fluorescently tagged and excited by a lasembees data analysis is performed by a
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computer with appropriate software, capillary al@ghoresis allows a higher resolution than
gel electrophoresis, a greater sensitivity andilma-tletection of PCR products, displayed as
electropherograms.

PCR reactions of amplified STR fragments were diul:5 with sterile water (Ampuwa
Fresenius, Bad Homburg, Germany). An aliquot ofllofuthis dilution was mixed with
12.7 ul of Hi-DiO Formamide (Applied Biosystems GmbH, Darmstadt,n@ery) and 0.3 pl

of GeneScan -500LI1Z[] size standard (Applied Biosystems GmbH, Darmstadtmany) in

a 96-well plate (ABgerie PCR Plates, Thermo Scientific, Epsom, Surrey, UK).
experimental setups using the AmpF/STREfilerd PCR amplification kit, 1 pl of the
AmpF/STR’ SEfilerd Allelic Ladder (Applied Biosystems GmbH, Darmsta@ermany)
was run in parallel. Amplified STR fragments werelgzed via a 3130xL Genetic Analyzer
(Applied Biosystems GmbH, Darmstadt, Germany). Datas either interpreted using
GeneScan 3.7 software in combination with GenotypeB.7 software for EDTA K treated
blood samples, Egyptian mummy and scientific s&&fimples, or using GeneMappeD
v.3.2 software for dried blood spot analysis (ApgliBiosystems GmbH, Darmstadt,
Germany). The signals of the fluorescent dyes pa@ted into each amplicon through a 5'-
end labeled oligonucleotide primer, was a meastiguantity of the amplified target. Sample
peak heights, in relative fluorescent units (riof),all true alleles were used for quantitative
analysis and heterozygous peak ration calculatibhe.minimum peak height threshold was
set at 50 rfu to allow for detection of all peaksatly above background. This mode of data
analysis, that signals below 50 rfu were not euvealllais accepted as general accreditation-
threshold, validating authentic marker peaks.

2.3 Molecular biological methods

In the following sections utilized molecular biologl reactions are summarized. All kinds of
PCR analyses performed, especially the applicadiofow-volume PCR, are described as
well as real-time PCR, array-based approaches andrgl precautions, which were taken to

eliminate risks of contamination.

2.3.1 Polymerase chain reaction

Conventional polymerase chain reaction (PCR) wakpeed as well as low-volume PCR.
The technique of low-volume PCR (LV-PCR, also ‘wat reaction chamber PCR (VRC
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PCR)”, Guttenberg 4t al., 2005), performed on microdevices, is based amemically
structured surface providing hydrophilic reactiomtes surrounded by hydrophobic
background. LV-PCR was performed on two microfadied devices, in fact a multi LV-PCR
microdevice (AmpliGridl AG480F, Advalytix AG/Beckman Coulter Biomedical GHh,
Munich, Germany) and LOC chips designed for the-dafa-chip system (Advalytix
AG/Beckman Coulter Biomedical GmbH, Munich, Germarmhe AmpliGrid]l AG480F is a
commercially available multi LV-PCR microdevice,fexing 48 hydrophilic reaction sites
with 1.6 mm in diameter, each surrounded by a hphibbic circle to hold 1 pl of aqueous
PCR master mixes in place. A short-distanced hydhoping comprising 3 mm in diameter
and surrounding the hydrophilic reaction site, eent5 pl of mineral oil cover solution
(Sealing Solution, Advalytix AG/Beckman Coulter Biedical GmbH, Munich, Germany) to
the aqueous droplet. For performing thermal reastithe AmpliGridl AG480F slide was
placed on a corresponding thermal cycler (AmpliSipgale cycler, Advalytix AG/Beckman
Coulter Biomedical GmbH, Munich, Germany). LOC chipresent a single LV-PCR
microdevice. For PCR performance, these chips affer hydrophilic reaction site with 500
pum in diameter, surrounded by a hydrophobic citaleeep 1 pl aqueous PCR master mixes
in place (named reaction center B). A short-distdnatermitted hydrophilic ring comprising
3 mm in diameter and surrounding the hydrophiliacten site, centers 5 pl of mineral olil
cover solution (Sealing Solution, Advalytix AG/Bevkn Coulter Biomedical GmbH,
Munich, Germany) to the aqueous droplet. For perfiog thermal cycling reactions, LOC
chips were installed into the LOC CytoCycler. Frexperiments, LOC chips of the Cyto3
design were used.

Setup of LV-PCR reactions. LOC chips and multi LV-PCR microdevices were
decontaminated for 15-20 min using a UVC light seuprior to use (PCR Workstation,
PeglLab Biotechnologie GmbH, Erlangen, Germany). i#datblly, LOC chips were
preheated for 15 min at 95°C prior to PCR for angpthe material to heat and to eliminate
material stress when starting the initial denatarastep of a PCR. LV-PCR reactions were
setup in the following way: after master mixes werxed thoroughly, 1 pl of prepared
master mix was placed on reaction center B of L@{<sor on reaction sites of the multi
LV-PCR microdevice and was immediately covered aithl of Sealing Solution to prevent
evaporation and external cross-contamination. Enadjpm might inhibit LV-PCR due to loss
of reactants, loss of volume and increase of saltentrations present in the reaction mix. As
LOC chips offer only one reaction site for perfongniVRC PCR, reactions were run on the

multi LV-PCR microdevices in parallel for validatiand as a reference system. In addition,
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positive and negative controls were included. Whsimg fluorescently tagged primers like
D7S1824, D9S302, D10S2325, AmpF/STREfilerd Primer Set, Amell-f-Cy3 or SYBR
Green I-based LV-PCR setups, reactions were peddnm darkness by capping PCR cyclers

with light impermeable stuff to exclude ambientligind to inhibit bleaching effects.

Amelogenin and SF-actin LV-PCR on reference DNA for evaluating the minimum amount

of target material needed for cycling on the lab-on-a-chip integrated CytoCycler. To test the
sensitivity and to analyze the product detectiomitliof the LOC CytoCycler PCR
amplification device, LV-PCR was performed on pedf human genomic male and female
reference DNA. PCR reactions were performed udiegQuantiFast SYBR” Green | PCR
kit for 2-step PCR (QIAGEN GmbH, Hilden, Germanygcarding to the protocol
recommended by the manufacturer, but reaction vetumere adapted to low-volume PCR
applications. 1 pl total PCR reaction mix contaifeslpl of 2x QuantiFast SYBR” Green |
PCR Master Mix (final 1x), 0.1 pl of 10 uM primeslgtionsf3-Actin up and3-Actin down or
Amell and Amel2 respectively (final 1 uM per primed.2 pl of sterile water (Ampuwa
Fresenius, Bad Homburg, Germany) as well as 0df 1Dx concentrated input DNA (final
1x). Primer sequences were listed in the appendhiapter 9.2 For input target DNA
concentrations of 10 ng/ul, 5 ng/ul, 1 ng/ul, 5@@ub, 250 pg/ul, 125 pg/pul and 100 pg/ul
were used, resulting in final concentrations ofgl 500 pg, 100 pg, 50 pg, 25 pg, 12.5 pg and
10 pg present in 1 pl total reaction mix. 1 pl oégared master mix was placed on reaction
center B of LOC chips or on reaction sites of atmuV-PCR microdevice and was
immediately covered with 5 pl of Sealing Solutionprevent evaporation and external cross-
contamination. 2-step PCR cycling conditions recanded by the manufacturer’s protocol
were slightly changed concerning temperature hatéd: 5 min initial denaturation at 95°C,
followed by 40 cycles of 95°C for 30 sec and 6086€60 sec (instead of 95°C for 10 sec and
60°C for 30 sec). PCR products were analyzed ogapoylamide gels (CleanGel 10% or
CleanGel HyRes, ETC GmbH, Kirchentellinsfurt, Genylaand subsequent DNA silver
staining (DNA silver staining kit, GE Healthcareppsala, Swedenxlapter 2.2.3. Blank
and negative controls (containing no DNA) were udleld in every reaction batch and all

experiments were performed in multiplicates.

Amelogenin and B-actin LV-PCR on reference DNA for cycling efficiency tests of the lab-
on-a-chip integrated CytoCycler. To test the cycling efficiency of the LOC CytoCgcPCR
amplification device, LV-PCR was performed on pedf human genomic male reference
DNA. PCR reactions were performed using the QuastiF SYBR” Green | PCR kit for 2-
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step PCR (QIAGEN GmbH, Hilden, Germany) as weltles QIAGEN’ Fast Cycling PCR
kit for 3-step PCR (QIAGEN GmbH, Hilden, Germani{ts were used according to the
protocol recommended by the manufacturer, but i@actolumes were adapted to low-
volume PCR applications. Furthermore, temperatotd-times were scaled down, speeding
up cycling times to amplification limits.

Using the QuantiFast SYBR” Green | PCR kit, 1 pl of total PCR reaction mixntzined
0.5 pl of 2x QuantiFast SYBR™ Green | PCR Master Mix (final 1x), 0.1 pl of 10 yvimer
solutionsf-Actin up andp-Actin down or Amell and Amel2 respectively (finluM per
primer), 0.2 pl of sterile water (AmpuwaFresenius, Bad Homburg, Germany) and 0.1 pl of
10x concentrated input DNA (final 1x). Primer seqgces were listed in the appendix,
chapter 9.2 For input target DNA 5 ng/ul male reference DNAsaused, resulting in a final
concentration of 500 pg present in 1 pl total rieactnix. 1 pl of prepared master mix was
placed on reaction center B of LOC chips or ontreacsites of a multi LV-PCR microdevice
and was immediately covered with 5 pl of Sealindqu@n to prevent evaporation and
external cross-contamination. The 2-step PCR pobtwas adapted to shorter cycling times,
starting with 95°C for 5 min, 40 cycles of 95°C {80 sec and 60°C for 60 sec to 95°C for
5 min, 40 cycles of 95°C for 10 sec and 60°C fos80.

Using the QIAGEN Fast Cycling PCR kit, 1 pl of total PCR reactioix montained 0.5 pl of
2x QIAGEN Fast Cycling PCR Master Mix (final 1x), 0.06 pl® Q-Solution (final 0.3x),
0.1 pl of 10 uM primer solutionf-Actin up andp-Actin down or Amell and Amel2
respectively (final 1 pM per primer), 0.14 pl oksle water (Ampuwa, Fresenius, Bad
Homburg, Germany) and 0.1 ul of 10x concentratedtiidNA. Primer sequences were listed
in the appendixchapter 9.2 For input target DNA 5 ng/ul, 1 ng/ul, 500 pggnid 250 pg/ul
male reference DNA was used, resulting in finalcamtrations of 500 pg, 100 pg, 50 pg and
25 pg present in 1 pl total reaction mix. 1 pl oégared master mix was placed on reaction
center B of LOC chips or on reaction sites of atmuV-PCR microdevice and was
immediately covered with 5 pl of Sealing Solutionprevent evaporation and external cross-
contamination. The 3-step PCR protocol was addptstiorter cycling times, starting with a)
95°C for 5 min, 30 cycles of 94°C for 30 sec, 6G86€ 30 sec, 72°C for 30 sec, and 1 min
final extension at 72°C, to b) 95°C for 5 min, 3@les of 94°C for 10 sec, 60°C for 10 sec,
72°C for 10 sec, and final extension for 1 min 2@ and finally ¢) 95°C for 5 min, 30 cycles
of 94°C for 5 sec, 60°C for 5 sec, 72°C for 5 sex final extension for 30 sec at 72°C.

PCR products were analyzed on polyacrylamide gé&anGel 10%, ETC GmbH,

Kirchentellinsfurt, Germany) and subsequent DNA/egilstaining (DNA silver staining Kit,
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GE Healthcare, Uppsala, Swedeohdpter 2.2.3. Blank and negative controls (containing
no DNA) were included in every reaction batch afldeaperiments were performed in

multiplicates.

Amelogenin LV-PCR on human intestine, mamma and bladder tissue material. For LV-
PCR analysis of tissue material, performed on airhM-PCR microdevice, the QIAGEN
Fast Cycling PCR kit was used for 3-step PCR (QIAGEmbH, Hilden, Germany)
according to the protocol recommended by the matwfar, but reaction volumes were
adapted to low-volume PCR applications. Dried &#sbagments, fixed on reaction sites of a
multi LV-PCR microdevice, were covered with 1 pIRER reaction mix. 1 pl of total PCR
reaction mix contained 0.5 pl of 2x QIAGENFast Cycling PCR Master Mix (final 1x),
0.2 ul of 5x QIAGEN Q-Solution (final 1x), 0.1 pl of 10 uM primer sthns Amell and
Amel2 (final 1 pM per primer) and 0.1 pl of steriveater (Ampuwd, Fresenius, Bad
Homburg, Germany). Primer sequences were listethenappendixchapter 9.2 1 pl of
positioned master mix was immediately covered vt of Sealing Solution to prevent
evaporation and external cross-contamination. B-Bf€R cycling conditions recommended
by the manufacturer’s protocol were slightly chahgencerning temperature hold times: 20
min initial denaturation and cell lysis at 97°Clldaved by 40 cycles of 94°C for 30 sec, 60°C
for 30 sec and 72°C for 30 sec, and final produtéresion at 72°C for 1 min. PCR products
were analyzed on polyacrylamide gels (CleanGel ByREITC GmbH, Kirchentellinsfurt,
Germany) and subsequent DNA silver staining (DNKesi staining kit, GE Healthcare,
Uppsala, Swedenkkapter 2.2.3. Blank and negative controls (containing no DN#gre
included in every reaction batch and all experirmevgre performed in multiplicates. Positive
controls comprising male and female reference DNshenncluded as well.

For LV-PCR analysis of tissue5, performed on a L&D, the QIAGEN Fast Cycling PCR
kit was used for 3-step PCR (QIAGEN GmbH, Hilderer@any) according to the protocol
recommended by the manufacturer, but reaction vetumere adapted to low-volume PCR
applications. Fragments of tissue5 were releasedtttli into 1 pl of LV-PCR master mix on
reaction center B of LOC chips after microdissattid pl of total PCR reaction mix
contained 0.5 pl of 2x QIAGENFast Cycling PCR Master Mix (final 1x), 0.06 pl®f Q-
Solution (final 0.3x), 0.1 pl of 10 uM primer saluts Amell and Amel2 (final 1 pM per
primer) and 0.24 pl of sterile water (Amputy&resenius, Bad Homburg, Germany). Primer
sequences were listed in the appendhapter 9.2 1 ul of sample-loaded master mix was
immediately covered with 5 pl of Sealing Solutionprevent evaporation and external cross-
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contamination. Adding volumes of 1 pl of master namxd 5 pl of Sealing Solution was
performed using the automatic dispensing deviceSpad’ and appropriate software
“BioSpot™ (BioFluidix GmbH, Freiburg, Germany). Pipelet was used for applying the
master mix, while PipeJet3 provided the oil coverage just by dispensinglidpgid onto the
chip surface. 3-step PCR cycling conditions recomaee by the manufacturer’'s protocol
were slightly changed concerning temperature holéd: 20 min initial denaturation and cell
lysis at 97°C, followed by 40 cycles of 94°C for 8€c, 60°C for 30 sec and 72°C for 30 sec,
and final product extension at 72°C for 1 min. PQ@Roducts were analyzed on
polyacrylamide gels (CleanGel 10%, ETC GmbH, Kirdedinsfurt, Germany) and
subsequent DNA silver staining (DNA silver stainikiy GE Healthcare, Uppsala, Sweden)
(chapter 2.2.3. Blank and negative controls (containing no DN#gre included in every

reaction batch and experiment was performed itidafe.

Amelogenin and S-actin LV-PCR on ancient Egyptian mummy bone tissue material. For
LV-PCR analysis of extracted mummy DNA samples, rodssected as well as
conventionally extracted ones, the QIAGENFast Cycling PCR kit (QIAGEN GmbH,
Hilden, Germany) was used for 3-step PCR accorthntihe protocol recommended by the
manufacturer, but reaction volumes were adaptddwevolume PCR applications. 1 pl of
extracted mummy DNA sample solution was dried upeeion reaction center B of LOC
chips or on reaction sites of a multi LV-PCR miaweite at 30°C for 10 min. Dried input
DNA sample material, comprising 60 pg of microdcdsd mummy DNA or 50-100 pg of
pulverized mummy DNA, was covered with 1 pl of P@Rction mix. 1 pl of total PCR
reaction mix contained 0.5 pl of 2x QIAGENFast Cycling PCR Master Mix (final 1x),
0.2 ul of 5x QIAGEN Q-Solution (final 1x), 0.1 pl of 10 pM primer stibins B-Actin up
and B-Actin down, or Amell and Amel2 respectively (finbluM per primer) and 0.1 ul of
sterile water (Ampuwg Fresenius, Bad Homburg, Germany). Primer seqseweee listed
in the appendix¢chapter 9.2 1 pl of positioned master mix was immediately exad with 5

ul of Sealing Solution to prevent evaporation arteémmal cross-contamination. 3-step PCR
cycling was performed as recommended by the matwtats protocol: 5 min initial
denaturation at 95°C, followed by 40 cycles of 946€30 sec, 60°C for 30 sec and 72°C for
30 sec, and final product extension at 72°C for ih.i"CR products were analyzed on
polyacrylamide gels (CleanGel 10% and CleanGel HyREC GmbH, Kirchentellinsfurt,
Germany) and subsequent DNA silver staining (DNKesi staining kit, GE Healthcare,

Uppsala, Swedenkkapter 2.2.3. Blank and negative controls (containing no DN#gre

31



2. Materials and Methods

included in every reaction batch and all experirmevgre performed in multiplicates. Positive
controls comprising male and female reference DNshenncluded as well.

Multiplex STR PCR on ancient Egyptian mummy bone tissue material and DNA of
scientific staff. For DNA profiling analysis on extracted mummy nmateas well as on
extracted genomic material of scientific staff, P§Ring reactions were performed using two
PCR setups amplifying distinct STR marker combirai The QIAGEN Multiplex PCR kit
(QIAGEN GmbH, Hilden, Germany) was used for 3-sPR amplifying STR markers
D7S1824, D9S302 and D10S2325. The AmpF/STBEfilerd PCR amplification kit
(Applied Biosystems GmbH, Darmstadt, Germany) iSS&R multiplex assay that
simultaneously co-amplifies 11 STR loci and the lagenin locus. Kits were used according
to the protocol recommended by the manufacturercbocerning the QIAGEN Multiplex
PCR kit reaction volumes were adapted to low-voll®@R applications, while AmpF/STR
SEfilerd reaction volumes were just scaled down to 16.5fqel conventional PCR
performances.

Using the QIAGEN Multiplex PCR kit, 1 pl of total PCR reaction miontained 0.5 pl of
2x QIAGEN Multiplex PCR Master Mix (final 1x), 0.21 of 5x QIAGEN Q-Solution (final
0.33x), 0.12 ul of AdvaGold (Advalytix AG/Beckmaro@ter Biomedical GmbH, Munich,
Germany), 0.2 pl of sterile water (AmpuwaFresenius, Bad Homburg, Germany) and 0.04
ul of 50 pmol STR primer-pair solutions D7S1824-@iRd D9S302-F/R and D10S2325-F/R
(final 2 pmol = 2 uM per primer-pair solution). Per sequences were listed in the appendix,
chapter 9.2 1 ul of extracted DNA sample solution from mumaryd scientific staff was
dried up on reaction sites of a multi LV-PCR miaeite at 30°C for 10 min. Dried input
DNA sample material, comprising 60 pg of microdcdsd mummy DNA or several ng of
scientific staff DNA, was covered with 1 pl of PG&action mix. 1 pl of positioned master
mix was immediately covered with 5 pl of Sealinglufion to prevent evaporation and
external cross-contamination. For PCR cycling aigtedown” protocol was used comprising
the following conditions: 15 min initial denaturati at 95°C, 14 cycles of 94°C for 30 sec,
64°C to 50°C for 60 sec (temperature increment i€Ccycle), 72°C for 30 sec, continued
by 25 cycles of 94°C for 30 sec, 50°C for 30 s&2’Cr/for 30 sec, and a final product
extension at 72°C for 7 min. Blank and negativeticis (containing no DNA) were included
in every reaction batch and all experiments weréopaed in multiplicates. Data acquisition

was performed via STR fragment length analysiepter 2.2.9.
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Using the AmpF/STR SEfilerd PCR amplification kit, DNA typing reactions were
performed according to the manufacturer's recomragoads, but reaction volumes were
scaled down to 16.5 pl for conventional PCR perforoes. 16.5 pl of total PCR reaction
volume, prepared in sterile 0.2 ml PCR-tubes (Edpen AG, Hamburg, Germany),
contained 10 pl AmpF/STRPCR Reaction Mix, 5 pl of AmpF/STRSEfilerd Primer Set,
0.5 pl of AmpliTag Gold DNA Polymerase 5U/ul (final 2.5 U) and 1 pl of DN¢ample
solution from mummy and scientific staff. 3-step FPPCcycling was performed as
recommended by the manufacturer's protocol of thenpB/STR' SEfiled PCR
amplification kit: 11 min initial denaturation ab%C, 28 cycles of 94°C for 60 sec, 59°C for
60 sec, 72°C for 60 sec, followed by a final prddextension at 60°C for 45 min. Data
acquisition was performed using STR fragment leagpalysis ¢hapter 2.2.9.

Multiplex STR PCR on anticoagulant treated whole blood and degrading dried blood spots.

For LV-PCR analysis of whole blood a combined satfiphe AmpF/STR SEfilerd PCR
amplification kit (Applied Biosystems GmbH, DarndtaGermany) and the KOD Xtreiie
Hot Start DNA Polymerase PCR system (Novagevierck, Darmstadt, Germany) was used
for 3-step PCR and reaction volumes were adaptddwevolume PCR applications. The
AmpF/STR’ SEfilerd PCR amplification kit is a STR multiplex assayttsanultaneously
co-amplifies 11 STR loci and the amelogenin lochid2 pl of total PCR reaction mix
contained 0.5 pl of 2x Xtreme Buffer (final 1x), 0.2 pl of Xtremg dNTPs (2 mM each),
0.02 ul of KOD Xtremel Hot Start DNA Polymerase 1U/ul (final 0.02U), 0.8 of
AmpF/STR’ SEfilerd Primer Set and 0.1 pl of 10x concentrated bloodpa (either EDTA

K treated blood or resolved blood spots). For inplobd samples concentrations of 100%
whole blood or 10% whole blood were used, resulimgnal concentrations of 10% or 1%
whole blood present in 1 pl total reaction mix. éating to Ganong WF (2003), 1 ul of
whole blood target material contains 4000 to 110fikocytes. That means 400 to 1100
leukocytes present in 10% blood typing reactiond aguivalently 40 to 110 leukocytes
present in 1% blood typing reactions, represendirigrget DNA amount of 2.8 to 7.0 ng or
280 to 700 pg respectively. 1 pl of prepared masigrwas placed on reaction center B of
LOC chips or on reaction sites of a multi LV-PCRcrodevice and was immediately covered
with 5 pl of Sealing Solution to prevent evaporatand external cross-contamination. 3-step
PCR cycling was performed as recommended by theufaetmrer’'s protocol of the
AmpF/STR’ SEfiler Plugl PCR amplification kit: 11 min initial denaturati@md cell lysis
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at 95°C, 28 cycles of 94°C for 60 sec, 59°C fors@@ and 72°C for 60 sec, followed by a
final product extension at 60°C for 45 min.

Blank, negative (containing no DNA) and positiventols (AmpF/STR SkEfiler Plusl
Control DNA 9947A, Applied Biosystems GmbH, DarntkfaGermany) were included in
every reaction batch and all experiments were paed in multiplicates. 100 pg of the
AmpF/STR’ SEfilerd Control DNA 9947A was amplified simultaneously \i¥-PCR as
positive control (named “PK-1"). Additionally, Cont DNA 9947A was amplified in a
conventional in-tube PCR reaction using a standaetrmocycler (Cyclone25, PeqlLab
Biotechnologie GmbH, Erlangen, Germany) and theomenended PCR protocol of the
AmpF/STR’ SEfilerd kit as a pure positive control (named “SE-PK-Reaction volumes,
prepared in sterile 0.2 ml PCR-tubes (Eppendorf B&nburg, Germany), were scaled down
to about 5.5 pl of total PCR reaction volume, cimitey 2.7 pl of AmpF/STR PCR Reaction
Mix (final 1x), 1.35 ul of AmpF/STR SEfilerd Primer Set, 0.45 ul of AmpliTag Gold
DNA Polymerase 5U/ul (final 2.25U) and 1 pl of AmBFR’ SEfilerd Control DNA
9947A 100 pg/ul (final 100 pg). Blank and negato@ntrols (containing no DNA) were
included in every reaction batch and experimentewerformed in multiplicates. Total data

acquisition was performed via STR fragment lengtalgsis Chapter 2.2.9.

2.3.2 Real-time PCR

Real-time PCR (RT-PCR) is a special form of PCRardifying the amount of amplified
DNA present after each round of PCR cycling via saeiag fluorescence signals (Wilhelm J
and Pingoud A, 2003). As the fluorescence increpsagortional with the amount of DNA,
after each cycle the amount of DNA can be detestetthe exponential phase. Signals are
either indicated by fluorescently tagged PCR prsymra DNA-intercalating fluorescent dye
is added to the PCR mixture, of which the most jpapis SYBR Green | binding to double-
stranded DNA. A big drawback of the SYBR Green Itod is the low specificity as no
differentiation between PCR products can be aclkie@nly when performing an additional
melting point analysis after PCR, the fragment thagand thus the specificity of the PCR
products can be detected and authentic PCR prodaatde distinguished from occurring
unspecific primer dimers. During a melting pointabsis DNA is melted via raising the
temperature continuously from 50°C to 95°C. At freept-specific melting temperatures the
double-stranded DNA molecules denature, whereadltloeescence dye is released and a
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decrease in fluorescence intensity is detectecgpasific PCR products have a higher melting
point as unspecific primer dimers, a differentiatis possible.

Real-time PCR using the Stratagene Mx 3000P thermocycler. Real-time PCR was applied
on microdissected ancient bone samples of Egyptranrmmy material. RT-PCR was
performed to quantify the amount of extracted DNAgioating from microdissected ancient
bone samples of Egyptian mummy matefigal-time PCR was applied to sample mummy4,
exemplary for all of four mummy samples, in a SHgane RT-PCR cycler (Stratagene Mx
3000P, Stratagene, La Jolla, CA, USA) using ther@Bast] SYBR® Green | PCR kit
(QIAGEN GmbH, Hilden, Germany) for 2-step PCR adaag to the protocol recommended
by the manufacturer. RT-PCR DNA amplification ratdssample mummy4, were compared
to RT-PCR amplification rates of 1 ng/ul, 500 pg/A00 pg/ul, 50 pg/ul and 20 pg/ul male
and female starting DNA target material concendregi serving as reference probes and
internal target amount standards. 1 ul of thesedsta concentrations was used for analysis,
while just 0.5 ul of extracted mummy DNA was use@ do the scarcity of mummy material.
The mummy sample was filled up to 1 pl with stemlater (Ampuwd, Fresenius, Bad
Homburg, Germany). In a 96-well plate (ABgenRCR Plates, Thermo Scientific, Epsom,
Surrey, UK) 1 ul of DNA sample solution was mixedhn24 pl of RT-PCR master mix,
containing 12.5 pl of 2x QuantiFastSYBR’ Green | PCR Master Mix (final 1x), 2.5 pl of
10 uM primer solutions Amell and Amel2 (final 1 pyddr primer) and 6.5 pl of RNase-Free
water. Primer sequences were listed in the appeaddapter 9.2 2-step PCR conditions were
used according to the manufacturer’s protocol renending 5 min initial denaturation at
95°C, followed by 40 cycles of 95°C for 10 sec &WdC for 30 sec and subsequent melting
curve analysis. Conditions for generating thessatistion curves were 95°C for 1 min, 55°C
for 30 sec, slowly ramping the temperature from@G& 95°C, and final denaturation time of
95°C for 30 sec. Data was obtained during ramparigle continuously fluorescence data was
collected. Data analysis was performed via appabgisoftware for the Stratagene Mx 3000P
“MxProd] — Mx3000P v3.00” (Stratagene, La Jolla, CA, USA).

Real-time PCR using the lab-on-a-chip integrated Fluorescence Reader. The Fluorescence
Reader module of the lab-on-a-chip system comprisédue LED Amax = 47Qt2 nm) for

excitation light (LUXEON Rebel LXML-PB01-0023, 3¥M forward bias, 0.7 A operating
current), filter sets, a self-made LED power conbox, a trigger signal break-out box (NI
SCB-68 with the PCI ADC/DAC, Quick Reference Lab8&;Series Devices, National

Instruments Germany GmbH, Munich, Germany) and ® €@mera as detection device for
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capturing emitted light (Rolera-XR, Qlmaging, Syr®C, Canada). Filter sets included an
excitation filter withAnax = 482 nm (spread 36 nm = 464-500 nm excitatioctsp) and an
emission filter withAnax = 536 nm (spread 40 nm = 516-556 nm emission gspayt
(Interferenzfilter of BrightLine series, AHF Analbstechnik AG, Tubingen, Germany). For
automatic picture taking, a self-programmed LabVHe#éed software was used
“Grand_NIVision_Intensity Consec_Subtract_LoopbatéwCamera.VI” (LabVIEW 8.6,
National Instruments Germany GmbH, Munich, Germarfyje software was adapted for
taking pictures manually (named “Norbert.VI”). Faal-time PCR operations, excitation and
emission devices of the Fluorescence Reader wegetéld to reaction center B on the LOC
chip surface.

Calibration of fluorescence intensities. The fluorescence signal was calibrated using the
QuantiFas SYBR’ Green | PCR kit (QIAGEN GmbH, Hilden, Germany). dbeasing
amounts of DNA were used to synthesize dilutionesemwhereas 0.1 pl of 10x concentrated
DNA was mixed with 0.9 pl of 2x QuantiFastSYBR™ Green | PCR Master Mix. DNA
concentrations of 100 ng/ul, 50 ng/ul, 10 ng/pihdgul and 1 ng/ul of male and female
reference DNA were used, resulting in final concaians of 10 ng, 5 ng, 1 ng, 500 pg and
100 pg present in prepared dilutions. 1 pl of edittition was placed on reaction center B of
a LOC chip, covered with 5 pl of Sealing SolutioAdyalytix AG/Beckman Coulter
Biomedical GmbH, Munich, Germany) and centeredh&detection path of the CCD camera.
This whole setup was darkened by capping it totailyr a black cloth in order to exclude
interfering ambient light. Pictures were taken nadlyuvia LabVIEW-based software
“Norbert.VI". Increasing exposure times were chosgarting with 200 ms, to 400 ms,
600 ms, 1000 ms, 2000 ms and 4000 ms. Measurenvergsperformed at room temperature
as well as at 55°C and 72°C. Measurements wereategbeseveral times and pictures
concerning fluorescence intensity were analyzedalig.

Experimental setups of performing real-time PCR. Real-time PCR was performed using the
QuantiFast SYBR' Green | PCR kit for 2-step PCR (QIAGEN GmbH, Hild&ermany)
according to the protocol recommended by the matwfar, but reaction volumes were
adapted to low-volume PCR applications. 1 pl th#&PCR reaction mix contained 0.5 pl of
2x QuantiFasi SYBR’ Green | PCR Master Mix (final 1x), 0.1 pl of 10 umimer
solutionsf-Actin up andp-Actin down or Amell and Amel2 respectively (finluM per
primer), 0.2 pl of sterile water (AmpuWaFresenius, Bad Homburg, Germany) and 0.1 pl of
10x concentrated input DNA (final 1x). Primer seqgces were listed in the appendix,
chapter 9.2 For input male and female reference target DNAceatrations of 10 ng/ul,
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5 ng/ul and 1 ng/ul were used, resulting in finmhaentrations of 1 ng, 500 pg and 100 pg
present in 1 pl total reaction mix. 1 pl of preghneaster mix was placed on reaction center B
of a LOC chip, covered with 5 pl of Sealing SolatipAdvalytix AG/Beckman Coulter
Biomedical GmbH, Munich, Germany) and centeredh&detection path of the CCD camera.
This whole setup was darkened by capping it totailyr a black cloth in order to exclude
interfering ambient light. 2-step PCR cycling cdiatis recommended by the manufacturer’s
protocol were slightly changed concerning tempeeatwld times: 5 min initial denaturation
at 95°C, 40 cycles of 95°C for 30 sec and 60°C55iCbrespectively for 60 sec. Increasing
fluorescence intensities were recorded by takirmjupes at the end of each annealing and
extension step at 55°C or 60°C during 35-45 cyatesotal. Pictures were either taken
manually via LabVIEW-based software “Norbert.VI” automatically via LabVIEW-based
software “Grand_NIVision_Intensity Consec_Subtraobpback NewCamera.VI". Chosen
exposure times chosen ranged from 200 ms, to 40@nds600 ms. PCR reactions were
repeated several times and pictures concerningefigence intensity were analyzed visually.
Real-time PCR was also performed using the QuactfilTeSYBR® Green | PCR kit for 3-
step PCR (QIAGEN GmbH, Hilden, Germany) accordiaghe protocol recommended by
the manufacturer, but reaction volumes were adajatddw-volume PCR applications. 1 pl
total LV-PCR reaction mix contained 0.5 pl of 2xaptiTect] SYBR™ Green | PCR Master
Mix (final 1x), 0.1 pl of 10 uM primer solutiorfyActin up and3-Actin down or Amell and
Amel2 respectively (final 1 puM per primer), 0.2 off sterile water (Ampuwg Fresenius,
Bad Homburg, Germany) and 0.1 pl of 10x concerdratput DNA (final 1x). 3-step PCR
cycling conditions recommended by the manufactargtotocol were slightly changed
concerning temperature hold times: 15 min initi@haturation at 95°C, 35-45 cycles of 95°C
for 30 sec, 55°C for 60 sec, 72°C for 30 sec, amal fproduct extension at 72°C for 7 min.
Conditions for picture taking and real-time PCRfgenances were according to the 2-step

PCR performance just described.

2.3.3 Microarray hybridization

In microarray applications biological probes areaged onto planar surfaces and slides
through the use of a robotic array spotter, whil@dgical probes comprise short single
stranded DNA oligonucleotides. PCR-amplified DNAdments in solution are subjected to
hybridization with these surface coupled complemmgnstrands, providing information on

the corresponding nucleotide sequence (Schena 88)1Blybridization happens specifically
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via the building of hydrogen bonds between complaary sequences of probes and
amplified DNA fragments. Due to the small size, wgd amount of probes detecting for
thousands of gene fragments can be arrayed, jypsindent on the size of the supporting
surface. As fluorescently tagged primers were a2¢dj e.g. tagged with chromogenic dyes
“Cy3” or “Cy5”, PCR products are fluorescently | as well. Detection of hybridization

events between surface-bound probes and primelethbtuorescent PCR products is

performed via on-line detection methods.

Spot array design. A 2x2 spot array was designed for the determinatib CR-amplified
male and female sample material, according to gewd@éermining approaches used in
forensic research. Probes of the microarray weseggded in a way, to detect a 6 bp insertion
sequence AAAGTG between male and female PCR-amgliimelogenin fragments. So
either probes matched the 106 bp X-chromosomaleseguor were complementary to the
112 bp Y-chromosomal sequence. Three different ggalere designed for hybridization
providing distinct sites for specific PCR producgbhdization. Probes Amelol(Y) and
Amelo3(Y) were designed for binding male amelogdf@R products having the 6 bp insert,
while probe Amelo2(X) was destined for hybridizitg female PCR products lacking the
6 bp insert (probe sequences were listed in theerapip, chapter 9.2. Successful
hybridization events of fluorescently labeled PGBdoicts were detected via the intensity of
fluorescence signals.

For microarray applications, probes were spottedeaction sitesl{ 1.6 mm) of a multi LV-
PCR microdevice (AmpliGrid AG480F, Advalytix AG/Beckman Coulter Biomedical
GmbH, Munich, Germanyhapter 2.3.) and on reaction center BI (500 um) of LOC chips
(chapter 2.3.1). Probes were spotted in a 2x2 array structuneguaiNadelspotter (spotting
operations were performed by Advalytix AG/Beckmapul@er Biomedical GmbH, Munich,
Germany). There were 6 different array designstegdotEach array consisted of 4 spots,
while full arrays were spotted with 4 spots having same probe content (array designs 1-3),
and split arrays where only 2 spots had the sambepcontent (array designs 4-6). Array
designs were as follows: (1) 4 spots of Amelo1(®),4 spots of Amelo2(X), (3) 4 spots of
Amelo3(Y), (4) 2 spots of Amelol1(Y) + 2 spots of Al2(X), (5) 2 spots of Amelo2(X) + 2
spots of Amelo3(Y), (6) 2 spots of Amelol(Y) + 2osp of Amelo3(Y). Spot size was about
120 pm (100-160 pm) with a spot distance of ab6Gt | Im, comprising an array diameter of
about 400 um. Spotting solution contained 50 pigaiucleotide probe solution dissolved in
1x Advalytix spotting buffer AT100. Spotting, washi and passivation steps after spotting
were done by Advalytix AG/Beckman Coulter Biomedi@anbH, Munich, Germany as well.
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PCR and hybridization of male and female human genomic reference DNA. For PCR
amplification prior to hybridization and for detewt of hybridized PCR products, a Cy3
fluorescently labeled primer Amell-f-Cy3 was usea¢ombination with an unlabeled primer
Amel2. Primer sequences were listed in the appemtiapter 9.2 For amplification and
hybridization, the QIAGEN Fast Cycling PCR kit (QIAGEN GmbH, Hilden, Germamyas
used for 3-step PCR. 1 pl total reaction volumetaioed 0.5 pl of 2x QIAGEN Fast
Cycling PCR Master Mix (final 1x), 0.2 ul of 5x QBEN"Q-Solution (final 1x), 0.1 pl of
10 uM primer solutions Amell-f-Cy3 and Amel2 (filauM per primer) and 0.1 pl of sterile
water (Ampuwd, Fresenius, Bad Homburg, Germany) for negativerotmor 0.1 pl of 10x
concentrated input DNA. For input DNA concentrataof 1 ng male or female reference
DNA was used, resulting in a final concentratiorl®0 pg present in 1 pl total reaction mix.
1 ul of prepared master mix was placed on spotedtion center B of LOC chips or on
spotted reaction sites of a multi LV-PCR microdevand was immediately covered with 5 pl
of Sealing Solution to prevent evaporation and rexle cross-contamination. 3-step PCR
cycling was performed according to the manufactsifgrotocol: 5 min initial denaturation at
95°C, 40 cycles of 94°C for 30 sec, 60°C for 30, S&°C for 30 sec, and final product
extension at 72°C for 1 min. PCR performance waseaguently followed by a hybridization

protocol comprising 3 min denaturation at 95°C 488C hybridization for 30-60 min.

Washing protocol. After hybridization, Sealing Solution was washe&dhg from reaction sites
using sterile water and array chips were subjedtedhe following washing protocol
(originally provided by Alopex (Kulmbach, Germarfgy using the “Chromo Chip System”)
comprising washing solutions Wash 1 and WaslkaBl¢ 1) (washing solutions were taken
from the Medical Genetic Center, Munich). Washingpgedures removed the Sealing
Solution efficiently as well as unbound PCR product

Table 1. Washing protocol and compositions of washing bsffédfash 1 and Wash 2 after PCR and array

hybridization. Buffers Wash 1A and Wash 2 needebiet@utoclaved at 120 °C for 20 min prior to usastiing
procedures were performed at room temperature.

Washing solutions | Compaosition Concentrated Buffer Solutions

Wash 1A (10x) = 3 M NaCl
100 ml Wash 1A (10x) (10x) 0.3 M N&itrate 2HO
20ml  Wash 1B (5x) :

1.0l Wash1l
(working solution)

dest. pH 7.0
880ml  HO Wash 1B (5x) = 10% (w/v) Natriumdodecylsulfate (30S
1.01 Wash2 | 100ml Wash 2 (10x) | Wash2 (10x) =0.3 M NaCl

30 mM NLitrate 2HO
pH 7.0

(working solution) | 900 ml  Ho®s*

5x 1min Wash1
2Xx 1min Wash 2
1x 3 min Wash 2

Washing protocol
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For washing the multi LV-PCR microdevice an autadatvashing station appropriate for
these slides was utilized (AdvaWash, Advalytix A@Rman Coulter Biomedical GmbH,
Munich, Germany). LOC chips were washed manuallapglying a 10 ul overlay of buffers
onto the hybridization reaction center B of thepshiAfter washing, array chips were dried
for 5 min at 37°C until slide surfaces were totally and stored in darkness for the scanning
process (max. 3 h).

Detection. The multi LV-PCR microdevice was scanned for hgized PCR products using
an automated PMT laser-based microarray scanndensygProScanArray Microarray
Analysis System, PerkinElmer Life and Analyticaliédces, Shelton, CT, USA) and
appropriate software (ProScanArray Scanner SoftwBerkinElmer Life and Analytical
Sciences, Shelton, CT, USA). LOC chips were scams@ty an inverted optical microscope
(Axio Obsever.Z1, Carl Zeiss GmbH, Jena, Germanif) wmtegrated fluorescence unit for
excitation and appropriate filters for excitati@mission and detection. Excitation was done
using a HBO 100 high-pressure mercury lamp (HBO, 1@@stungselektronik JENA GmbH,
Jena, Germany). Due to the Stokes-transition betvlee absorption and emission spectrum,
it is possible to separate the bright excitatigihtifrom the weak fluorescence light in the
light path of the microscope via using appropriéiteer sets. Pictures of fluorescence
intensities were taken using a CCD camera (Rolda-®&lmaging, Surrey BC, Canada) and

QCapture Pro 6.0 imaging software (Qlmaging, SuB€y Canada).

2.3.4 Solid phase amplification

Solid phase amplification (SPA) was performed aspacial form of arrayed on-chip
amplification using directly surface-bound priméweming a very dense carpet like probes in
microarray applications (Bing D al., 1996; Adessi @&t al., 2000; Nickisch-Rosenegk M
et al., 2005; Fedurco Met al., 2006). Amplification can occur via two processe€irst
“interfacial amplification”, where freely diffusinpNA target molecules attach to surface-
bound primers, primers are elongated to complemgrdNA copies and these ssDNA
molecules stay attached to the surface, whilerhiali DNA molecule returns to the solution
after the annealing step. Second “surface ampiifind where the free end of the attached
ssDNA copy hybridizes to a sequence-complementarfase-attached primer in immediate
proximity. This time primer elongation leads to Iding bridges between primers, as both
elongated DNA molecules stay attached to the sarf@PA thus leads to the generation of a

colony of molecules attached to the surface andtéacin the same region. Synthesized PCR
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products can be visualized either by confocal nsicopy or fluorescence microscopy using
Cy5-dye fluorescence of modified primers, or thefescence of intercalating dyes.

Spot array design. For solid phase amplification applications, 3 eliént surface-bound
primer-pairs were spotted on reaction centefz BS00 um) of LOC chipschapter 2.3.].
Primer-pairs were spotted in a 2x2 spot array &irecusing aNadelspotter (spotting
operations were performed by Advalytix AG/Beckmaoul@er Biomedical GmbH, Munich,
Germany). The following array design was spottbd:drray consisted of 4 spots, while each
spot comprised a different primer-pair content. @e spot primer-pairs DY-fw and DY-rv
for amplifying male locus DYS392 were spotted, oseaond spot primer-pairs DX-fw and
DX-rv for amplifying female locus DXS10134, on arthspot primer-pairs AM-fw and AM-
rv for amplifying human amelogenin as a positivatool and on the forth spot primers DY-
fw and DX-fw as negative control, providing no cdempentary sequences after
amplification. Primer sequences were listed inagppendixchapter 9.2 Spot size was about
120 pm (100-160 pm) with a spot distance of ab&0t|Im, comprising an array diameter of
about 400 pum. Spotting solution contained 50 pMarlucleotide probe solution dissolved in
1x Advalytix spotting buffer AT100. Spotting, washi and passivation steps after spotting
were done by Advalytix AG/Beckman Coulter Biomedi@anbH, Munich, Germany as well.

Solid phase amplification PCR reactions. For performing solid phase amplification on LOC
chips the QuantiFast SYBR" Green | PCR kit was used for 2-step PCR (QIAGENbGIN
Hilden, Germany). Several PCR protocols were teasedescribed in the following, first only
“SPA PCR” using genomic DNA and second a “combif€@R setup” using preamplified
PCR products. Before PCR, array-spotted LOC chipewpreheated for 15 min at 95°C for
adapting the material to hot temperatuidsapter 2.3.).

Using “SPA PCR”, 1 pl of total reaction mix conteéh0.5 pl of 2x QuantiFast SYBR’
Green | PCR Master Mix (final 1x), 0.3 pl of sterilvater (Ampuwa, Fresenius, Bad
Homburg, Germany) and 0.2 pl of 10x concentrat@adiifroNA. For input DNA 5 ng/ul of
male or female reference DNA was used, resulting fimal concentration of 1 ng reference
DNA present in 1 pl total reaction volume. 1 ppoépared master mix was placed on primer-
array spotted reaction center B of LOC chips and wamediately covered with 5 pl of
Sealing Solution to prevent evaporation and exterr@ss-contamination. 2-step SPA PCR
cycling conditions were 5 min initial denaturatian95°C, followed by 35 cycles of 95°C for
30 sec and 60°C for 60 sec.
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Using the “combined PCR setup”, preamplified PCBdpicts were used as input DNA. For
preamplification the QuantiTédt SYBR® Green | PCR kit was used for 3-step PCR
(QIAGEN GmbH, Hilden, Germany), while 10 pl of tbRCR reaction mix contained 5 pl of
2x QuantiTedl SYBR’ Green | PCR Master Mix (final 1x), 1 pl of 10 uMrmer solutions
(DYS392-fw and DYS392-rv or DXS10134-fw and DXS1@4% or Amell and Amel2; final

1 uM per primer), 2 ul of sterile water (AmpuwaEresenius, Bad Homburg, Germany) and
1 pl of 10x concentrated input DNA. For input DNAng/ul of male and female reference
DNA was used, resulting in a final concentrationrb60 pg reference DNA present in 10 pl
total reaction volume. Primer sequences were listedtie appendix¢chapter 9.2 Reactions
were performed in sterile 0.2 ml PCR-tubes (Eppénd&, Hamburg, Germany) using a
conventional in-tube PCR thermocycler (advanceth&si96, PegLab Biotechnologie GmbH,
Erlangen, Germany). 3-step PCR cycling conditioesend5 min initial denaturation at 95°C,
followed by 35 cycles of 94°C for 30 sec, 55°C &@rsec, 72°C for 30 sec, and final product
extension at 72°C for 7 min. PCR products wereyaeal on polyacrylamide gels (CleanGel
10%, ETC GmbH, Kirchentellinsfurt, Germany) and seduent DNA silver staining (DNA
silver staining kit, GE Healthcare, Uppsala, Swé@d@hapter 2.2.3. Blank and negative
controls were included in every reaction batch. Bdr pul input DNA in the following
“‘combined PCR setup”, 0.033 ul of each preamplifif@ R product tube DYS392,
DXS10134, Amel for male or female DNA was utilizethe “combined PCR setup”
comprised three reaction steps performed consetytion LOC chips, which were
summarized inable 2, while the QuantiFast SYBR® Green | PCR kit was used for 2-step
PCR (QIAGEN GmbH, Hilden, Germany).

Table 2. Combined PCR setup. Interfacial amplification, aggf amplification and a hybridization step were
performed consecutively on the LOC chip’s surfamedptimizing solid phase amplification output.

Order of performance | Composition of reaction mix Thermal cycling conditions
1 ul total reaction mix contained 0.5 pl of 2x 2-step PCR protocol: 5 min
1. Interfacial QuantiFasi SYBR’ Green | PCR Master Mix initial denaturation at 95°C,
' amplification (final 1x), 0.4 pl of sterile water (Ampuwa followed by 30 cycles of
Fresenius, Bad Homburg, Germany) and 0.1 pl 0f95°C for 30 sec and 55°C fqr
preamplified PCR products. 60 sec.

2-step PCR protocol: 5 min

1 ul total reaction mix contained 0.5 pl of 2x e .
H H initial denaturation at 95°C,

2. Surface QuantiFastl SYBR' Green | PCR Master Mix followed by 30 cycles of
amplification (final 1>_<) and 0.5 pl of sterile water (Ampuia 95°C for 30 sec and 55°C far
Fresenius, Bad Homburg, Germany).
60 sec.
Hybridization protocol: 3
1 pl total reaction mix contained 0.5 pl of 2x min denaturation at 95°C,
3. Hybridization QuantiFasi SYBR’ Green | PCR Master Mix followed by 40°C
(final 1x) and 0.5 ul of preamplified PCR productshybridization temperature far
30-60 min.
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Washing protocol and detection. After finishing “SPA PCR” or “combined PCR setup”,
Sealing Solution was washed away from reactionece®tusing sterile water and array chips
were subjected to the washing protocol describedhle 1. Washing procedures removed the
Sealing Solution efficiently as well as unbound Pf&®ainings. LOC chips were washed
manually by applying a 10 pl overlay of buffers mtite SPA reaction center B of the chips.
After washing, array chips were dried for 5 miB&fC until slide surfaces were totally dry
and stored in darkness for the scanning process. (3nfa). LOC chips were scanned using an
inverted optical microscope (Axio Obsever.Z1l, Cadiss GmbH, Jena, Germany) with
integrated fluorescence unit for excitation andrappate filters for emission and detection.
Excitation was done using a HBO 100 high-pressurercary lamp (HBO 100,
Leistungselektronik JENA GmbH, Jena, Germany). Ruthe Stokes-transition between the
absorption and emission spectrum, it is possibkefarate the bright excitation light from the
weak fluorescence light in the light path of thecrascope via using appropriate filter sets.
Pictures of fluorescence intensities were takenguai CCD camera (Rolera-XR, QImaging,
Surrey BC, Canada) and QCapture Pro 6.0 imagirtzvacd (Qlmaging, Surrey BC, Canada).
Additionally, fluorescence signal were detected ngsithe lab-on-a-chip integrated
Fluorescence Reader and appropriate software “Mowbe for manual picture taking
(LabVIEW 8.6, National Instruments Germany GmbH, ritth, Germany). Pictures were
taken with exposure times of 1000 ms, 2000 ms & 4ns at room temperature as well as
at 40°C and 60°C. Furthermore, to check for detdgiténers and PCR products in the SPA
reaction solution, reaction mixes were analyzegalyacrylamide gels (CleanGel 10%, ETC
GmbH, Kirchentellinsfurt, Germany) and subsequemMADsilver staining (DNA silver
staining kit, GE Healthcare, Uppsala, Swedehppter 2.2.3.

2.3.5 Sequencing of amplified ancient sample maiat

Sequencing was performed on PCR products of missedied ancient bone tissue sample
mummy4, exemplary for all of four microdissected mmy samples. For subsequent
sequencing, PCR was performed using the QIAGHMst Cycling PCR kit (QIAGEN
GmbH, Hilden, Germany) for 3-step PCR accordingmanufacturer's recommendations.
Reaction volumes were scaled down to 20 ul, prepare sterile 0.2 ml PCR-tubes
(Eppendorf AG, Hamburg, Germany). Cycling was penied in a conventional PCR
thermocycler (Cyclone 25, PeglLab Biotechnologie @mhkrlangen, Germany). 20 ul total
PCR reaction mix contained 10 pl of 2x QIAGEN Fagtling PCR Master Mix (final 1x),
4 ul of 5x QIAGEN Q-Solution (final 1x), 2 pl of OM primer solutions Amell and Amel2,
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or primer solutiong-Actin up and3-Actin down respectively (final 1 uM per primer)ul of
sterile water (Ampuwg, Fresenius, Bad Homburg, Germany) and 1 pl exdactummy
DNA (corresponds to 60 pg). Primer sequences wstedl in the appendixhapter 9.2 3-
step PCR cycling was performed as recommended éyrthnufacturer’'s protocol: 5 min
initial denaturation at 95°C, followed by 40 cycleis94°C for 30 sec, 60°C for 30 sec and
72°C for 30 sec, and final product extension atC7/&r 1 min. For product purification and
sequencing analysis, PCR products were sent to GIRNEAG sequencing service

(Regensburg, Germany).

2.3.6 Precautions to prevent contamination in anent sample material analysis

During experiments, numerous precautions were takeninimize the risk of contamination,
which were summarized by PaaboeiSal. (2004). Furthermore, to exclude possible cross-
contaminations between ancient sample materialsarehtific staff, DNA typing reactions
were performed using selected STR markers D7S1B8&302, D10S2325 and also the
AmpF/STR’ SEfilerd PCR amplification kit ¢hapter 2.3.). DNA profiling of extracted
mummy material as well as genomic material of imedl scientists, archaeologist/excavator,
technical assistance staff, laboratory personndl alhpeople who had been knowingly in
contact with any kind of mummy material (includibgne particles, paraffin-embedded tissue
blocks, tissue slides and mummy DNA extracts) alsd avith laboratory equipment (e.g.
laboratory working places and laboratory workingolso like laser microdissection

microscope, DNA extraction accessory and the P@Rrtbcyclers) was accomplished.
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3. Description of the Lab-on-a-chip System

The existing lab-on-a-chip (LOC) system was degiga® a modular composition comprising
five independent working moduledigure 3). There were two modules for sample
preparation prior to PCR analysis, in fact a ldsssed microdissection unithiapter 3.1) for
retrieval of sample material as well as a partichnsfer module (SPATShapter 3.2
providing an interface to the PCR unit after migssdction. The PCR module CytoCycler
(chapter 3.3 represented the core of the LOC system encomqupasprogressive microchip
design, flexible and open for a huge amount of dantypes and analytical applications
including sample processing, amplification and cdid@. For informational output, a
Fluorescence Reader was integrated for post-PCRuptaletection methods like real-time
PCR and array applicationsh@pter 3.5. Following the envisioned automation of all
sample-processing steps, additionally an autonfatid-dispensing device was integrated
compensating manual pipetting operations (BioSpohapter 3.4. While each unit was
handling important sample processing functionsvidially and totally software controlled,
altogether these modules combined comprehensigedyuniversal and programmable micro
total analysis system. Due to an intelligent sldébased integration of all modules sterical
interferences of modules, while serving the sm&IC_chip surface, could successfully be

circumvented.

Laser Single Particle Adsorbing Transfer System Lab-on-a-chip PCR  Fluorescence Reader Manodispensing
microdissection {SPATS) Cytocycler detection unit unit BioSpot

Figure 3. Overview of the complete lab-on-a-chip sfem. The modular design includes a laser-based
microdissection unit for sample retrieval and asfar unit SPATS for loading the PCR-CytoCyclerhnsample
material. While being served by an automatic liquitspensing unit BioSpdt the CytoCycler PCR
amplification unit and the fluorescence detectiait provide all necessary equipment for geneticlysis of
sample material.
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During the last years, this lab-on-a-chip systens vederred in a couple of scientific articles
(Thalhammer St al., 2007; Woide Det al., 2008; Thalhammer & al., 2008; Thalhammer
S, 2009; Thalhammer & al., 2009), conference sessions (Woidestlal., 2008, Actuator
2008, Bremen; Woide [&t al., 2008, Science Day 2008, Linz) as well as mosabig in a
professorial dissertation (Thalhammer S, 2009)thin following sections an overview over
the total LOC system as well as technical feataresfunctional operations of each particular
modular unit is illustrated. Detailed descriptiarisaboratory internal operating procedures of
each individual LOC module were summarized in tippeadix €hapter 9.1) and are

available on an external media.

3.1 Laser microdissection module

During the last decade, laser-based systems has@mige state-of-the-art technologies for
precise and non-contact micromanipulation of bimalgmaterial in biology and medicine.
However, the initiation of using focused light fmicromanipulation goes back to 1912, when
Tschachotin focused the light of a bulb lamp thiotlge microscope objective onto an object
plane (“Strahlenstich” method, Tschachotin S, 19B#)er the invention of lasers in 1960,
the first laser was coupled into a microscope toea® much smaller laser focal spots for
manipulation purposes (Bessiséal., 1962). Since then, laser technologies were deeel
further for a broad area of medical applicationgjlevin 1987 optical tweezers as well as
pulsed UV-lasers integrated in optical instrumdrggan to revolutionize micromanipulation
of cells and particles without any mechanical con{ashkin Aet al., 1987; Ashkin A and
Dziedzic JM, 1987; Srinivasan R, 1986; for a gehevarview refer to Thalhammer & al.
(2003) and Thalhammer & al. (2004)). Today, modern molecular research andndisis
rely increasingly on the capability to isolate pwiagle sample particles and their precise
positioning for further biochemical analysis. Noontact manipulation techniques based on
laser microdissection provide not only highly séilexisolation and extraction but also the
precise manipulation of smallest fractions of genebaterial due to laser ablation with
microbeams and with minimum risk of contamination.

The available laser microdissection unit at hanthmised a modified UVA-laser system
integrated into an inverted optical microscope. faterial isolation the principle of material
ablation was utilized based on a pulsed nitrogerAUaser beamX = 337 nm) having a
maximal pulse frequency of 30 Hz and a pulse-domatif 3 ns (pulse energy270 uJ). For

laser ablation the laser was coupled via the epifiscence path into the light path and was
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focused through the microscope objective to leaa tine micrometer in diameter. Diameters
of the laser focus were set via the numerical aperof the objective. The force of the
focused, near diffraction limited pulsed UVA ladigiht was utilized for microdissection of
biological material with high spatial resolutions Anly UVC light f = 200-290 nm) was
identified to cause DNA damage, as the main absorgteaks of DNA and proteins are
located at 260 nm for DNA and 280 nm for protethg, 337 nm wavelength was well outside
of the DNA damaging region. Biological material it the focal spot of the laser was
ablated due to photofragmentation, a photochenpicadess without heat transformation into
the surroundings (“cold-ablation”), also called fattve photodecomposition” (APD) (details
in Thalhammer &t al., 2003). Within the focal spot of the laser anrexte photon density
was achieved (intensity of more than 1 Megawafi)crphotofragmenting unwanted cut
material into small molecules and atoms, which vxogvn away at supersonic velocities. As
the ablative force was restricted to the minuteddscal spot only, directly aside of the laser
focus spot the photon density was not sufficientcamse ablation, leaving the adjacent
specimen entirely intact (Srinivasan R, 1986).

The total system for laser-based microdissectimuded the inverted optical microscope
with laser interface, motorized and joystick-cotie® microscope XY-scanning stage as well
as particular software “Nanosauger”. The laserfate was a one-box device, which housed
the laser and all necessary optics to guide thex laso the microscope and to bring the laser
focus coincide with the optical focus of the micoge at the object plane. The well-directed
positioning of object slides with nano- and micréengorecision was possible via stepping-
motor-controlled XY-scanning stage while joystickovements were translated into two
dimensional stage displacements. The stage spesd loe adapted software-controlled. Via
an external control board the laser focus as veetid energy could be set at the object plane.
Thus, the laser focus could be changed into z4ilimeandependently from the microscope
focus. For adjusting the focus plane to the ohpae, a telescopic device was applied in the
light path, while the focus point could also beeled above/beneath the object via a lens,
which was especially necessary when working witffiedent objectives or varying sample
thickness. The beam focus was dependent on the heatity of the laser, the numerical
aperture of the focusing objective and the absompbiehavior of the specimen (Thalhammer
Setal., 1997). The nitrogen laser emitted fixed laseargw;, for energy settings a grey wedge
filter was fixed behind the laser coupling out, @ibéng the remaining energy. This allowed
adjusting the laser energy continuously withoutnbeisplacement. For documentation there

were two cameras available, a black & white CCD @anand a color firewire camera.

47



3. Description of the Lab-on-a-chip System

3.2 SPATS particle transfer module

Based on PEN-membrane supported laser ablatiorg wsipulsed UVA laser, a special
approach for material extraction was developedbing integrated into the lab-on-a-chip
system. The device was called “SPATS” meanimgle particle alsorbing_tansfer_gstem
and facilitated horizontal single particle transi@rany planar devices after UVA laser-based
microdissection like e.g. on the LOC system, geandwtrolled via low-pressure technology.
The device was reported as a novel approach fordraal transfer of single particles after
laser microdissection and EU patented (EU patetb0862.8), published (Woide & al.,
2009) and tested for various scientific relevargligations (Mayer \et al., 2009; Woide Det

al., 2010).

The SPATS was fabricated by the company XYZ Higackion (Darmstadt, Germany) and
consisted of several components combining mechlardpéical, pneumatical and electronic
components. Due to its modular character, the SPW&S fixed to the inverted optical
microscope via a micrometer stepping motor, whiavigled movements in XY-direction for
horizontal as well as vertical particle transfethaiim-precision. The SPATS sample take-up
device comprised a copper collection grid with nesskattached to a bended transparent glass
capillary tube, both comprising the adsorbing heduch is connected to the moving part of
the device, the collection arnfigure 4). For transfer of various samples, adsorbing heads
could be exchanged by an “easy-to-fit” click systéine glass capillary tube had an external
diameter of 1.7-2.0 mm, an internal diameter of %00 and a length of 60 mm. The
collection grid was biologically inert, antistagmd UV-C resistant, comprised a diameter of
500 um with meshes of 5 um in diameter. Fixed at tlicrometer stepping motor, the
collection arm was connected to a pneumatic picgpunow- and high-pressure adaptors
allowed fine-tuning of both low-pressure and higkgsure for sample take-up and release.
All functions and parameters of hardware componkgsscanning microscope XY-scanning
stage (for positioning sample uptake), cameradfurcal control), SPATS device movement
and pressure-supply box were controlled by padicsibftware “Nanosauger”.

The new approach was based on the laser presstapulteng method using a PEN
supporting membrane for material extraction, bugpessive low-pressure technology was
utilized for sample take-up and release instealds#r shot and formation of a microplasma
(Thalhammer &t al., 2003). The SPATS device was qualified for exteacand transfer of
hard material, like e.g. bone tissue particles (dd et al., 2010), as well as soft material,
like tissue sections, single cells (Mayeedal., 2009) or chromosomeBdgure 4 B).
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Figure 4. SPATS device. ACloseup of the sample take-up device “single plartadsorbing transfer system”
SPATS. The adsorbing head comprised a bended cggditary tube (insert 1, 500 um internal diametan)l a
copper collection grid (insert 2 and 3, 500 pum ignmketer with meshes of 5 pum in diameter). Insesh@ws a
view on the whole adsorption area, while insertr8vigles a view through the microscope onto the $amp
collecting areaB) Workflow of sample transfer. Via applied low-press technology the SPATS was capable
of transferring soft material like e.g. single sglR0 um in diameter, picture 1-3), or cellular paments like
nuclei and chromosomes (1-10 um in size, picturé} ds well as hard material like e.g. bone tigsasicles
(about 350x250 pm in size). A typical workflow ctsted of material isolation via laser microdissewti
(pictures 1 and 4), adsorption to the collectioid dpictures 2 and 5) and followed by release iatemall
amount of fluid (pictures 3 and 6).

Microdissected particles in the range from 5-500 jomdiameter could be transferred,
whereas the adsorption limit of 5 um however appbaly to the size of microdissected
PEN-membrane carrier fragments. Smaller partickds delow the diameter of the grid
meshes, and larger ones exceeded the visible dadsogone. The size of the biological
sample isolated could be smaller (e.g. a single@pietse chromosome). Particle shape should
be planar and particle weight depended on the eghpdressure and the suction volume
according to the grid diameter. Due to the chengoahposition of the supporting membrane,
the PEN membrane was stable up to 155°C and didimetfere with subsequent PCR
analysis. Low-pressure was used to attach isolataigrial to the collection grid, allowing
precisely controlled positioning for sample reletseny desired predefined target position
into test tubes as well as onto any planar micpdavice. During the transfer process, the
sample was neither changed morphologically, chdipioar biologically. The SPATS was
the first device enabling gentle horizontal andhhigprecise transfer of microdissected
material, thus emerging a high potential for samipésdling in regard to lab-on-a-chip
technologies. Using virtual reaction chamber mierodes like the lab-on-a-chip system
described here, small amounts of microdissectecnmaatcould be directly transmitted and

immediately used for analysis.
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3.3 CytoCycler PCR module

The CytoCycler represented the microfluidic compungf the total lab-on-a-chip system,
driven by surface acoustic wave (SAW) actuation emidtrolled via interdigital transducers
(IDT). The CytoCycler PCR device could be considettee core of the whole lab-on-a-chip
system, providing all necessary equipment for periiog virtual reaction chamber PCR
amplification of genetic sample material. It inokddLOC chips providing the platform for
sample analysis, a chip-holder, a temperature abdévice, a high frequency (HF) generator
for SAW control via joystick, and particular softiga“‘CytoCycler”. The whole CytoCycler
equipment was fabricated and provided by the compaalvalytix AG/Beckman Coulter
Biomedical GmbH (Munich, Germany). The software t&yycler” controlled PCR
performances via the temperature control deviceaataeperature sensor at the chip-holder,
and also transmitted trigger signals to the triggignal break-out box of the Fluorescence
Reader ¢hapter 3.9. The temperature control device was softwarerotletl, while the HF

generator and thus droplet actuation via SAW wasrotied via joystick operations.

LOC chip design. LOC chips were designed as virtual reaction chaniBC) low-volume
LV-PCR chips, according to the basic principle ofidual reaction chamber PCR chip as
introduced in 2005 (GuttenbergeZ al., 2005). The device was fabricated from piezoalect
LiINbO3 as basic material followed by a metal gold layerthe SAW interdigital transducers
(IDTs), contact wires and gold contacts. Epoxy geowvere used to make the surface
hydrophilic at distinct reaction areas and to farimual hydrophilic tracks. This surface was
chemically treated via hydrophobic/oleophobic fkilane coating to present an epoxysilane
hydrophilic tracksystem surrounded by hydrophobédphobic backgroundfigure 5 A).
The chemically heterogeneous structured fluorsiegyexysilane surface of the LiNB@hip
was produced in a structuring process by coatingy wilanes (Brzoska JBt al., 1994)
followed by applying photolithography on the resgtorganic film (Xia Y and Whitesides
GM, 1998). The track system included hydrophiliaatgon centers, providing high contact
areas for fluids for fixation and optimal heat ster. The complete chip was protected with
sputtered silicon dioxide, which was removed abdlve gold contact pads. All these
hydrophilic/hydrophobic structures were patterngd pghotolithography figure 5 B). An
aqueous droplet, e.g. containing sample materidl r@action solution, formed a virtual
reaction chamber when placed on the structure@eeuriThis virtual confinement, forming an
own wall- and tube-free virtual test tube, was actld due to surface tension of the liquid and
surface chemistry of the substrategire 7). Depending on the kind of chemical surface
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modification, droplets with high contact angle abslide on the surface (hydrophilic droplet
on hydrophobic surface) or the liquid could wet thaface due to low contact angles
(hydrophilic droplet on hydrophilic surface). Eadhip had three reaction centers comprising
low contact angles and 10 track lanes served bgep@rately addressable SAW transducers
on crossover directions for aligning the droplets the heater structures and for fusing
droplets in reaction centerigure 5 B). Opposing transducers had different spatial psrio

avoid crosstalk.

A ® @ functionalization B interdigital transducer [JBl reaction point
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+— surface chemistry . | Photolithography
—~— - | = hydrophilic
-—— FeE—— ——__s metallization for
r
: [ E _— ¢ transducers/sensors | @ teeiete

===
- E‘._.&-L._ﬁ P s

<+— substrate

Figure 5. LOC chip design and structuring lithography. A) The chip architecture comprised a layer-by-layer
design based on LiNb@s basic substrate. After a metallization layehiding IDTs and gold contacts surface
chemistry provided the basis for functional compemts.B) Hydrophilic areas (hydrophilic reaction centers
A+B+C and guiding tracks for the oil droplet movereorange pattern) were patterned on the chip with
positive photoresist, while an organic layer of yiophobic perfluoroalkylsilane was bound to theolgh
surface (blue pattern). After removing the photistegpoxysilane was grafted from an organic sotutiSmall
inlets show electron microscopy images of the wegifunctional structures on the chip surface likerndigital
transducers, reaction points, tracks and gold ctsitadydrophilic tracks were about 15 um in widdn §ide
tracks and 200 um for the main track from A to @aRion centers A and B comprised a diameter ofl 500
while center C was designed as a square with 1x1 imsize. Small anchor spots at sidetracks comprg®ut

40 um in diameter.

Chip-holder. The chip-holder itself provided a cavity for inétay a LOC chip in contact
with a Peltier element and with a load resistortingaa temperature sensor, and a contacting
lid for the high frequency support of the IDTgy(re 6 A). The contacting lid housed gold
contact pins for contacting the gold contact padshe chip surface, thus transferring the high
frequency signal from the HF generator to the dedigd transducers on the chip surface. At
the transducers, electrical high frequency sigmadse converted into mechanical vibrations,
propagating as surface acoustic waves on the suff@cre 6 B). Heat transfer from the
Peltier element to the LOC chips was achieved bgecicontacting of the Peltier element’s
surface with the chip’s undersurface, thus progdiirect heat transfer.

Heating structures and reaction centers. There were 3 hydrophilic reaction centers (A, B, C
chemically generated on the chip surface beingeldelay two heating devices located within
the cavity of the chip-holder to contact the chiprglersurfacefigure 6 B). Heating devices
were a load resistor heating (2x2 fin size) for isothermal cycling and a Peltier etern

(1x1 cnf in size) with an integrated temperature sensotifermal PCR cycling. Hydrophilic
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reaction center A comprised 500 pm in diametervaasl thermally served by the load resistor
heating for isothermal reactions. Hydrophilic réactcenter B comprised 500 pum in diameter
and was thermally served by the Peltier elemenPfoR and microarray applicatiorfgg(ire

6 andfigure 7 C). Hydrophilic reaction center C comprised a squaré x 1 mni and was
designed for array applications, while being thdlynserved by the Peltier element as well.
In the area around the heaters, the temperatuppéddfast. Heating rates for the load resistor
heating could be adjusted to 0.01 — 10K while heating rates for the Peltier were fixed to
3 K s* and cooling rates to 4 K'sTo avoid disturbing air streams and dust on thie c

surface, the reaction area cavity was covered avglass slide during PCR performances.
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Figure 6. Chip-holder and heating elements of the y@oCycler. A) Basis of the chip-holder: the cavity for
installing a LOC chip is shown (2.5 x 2.0 Ymas well as the two heating devices, a load t@siseating
(2x2 mnf, marked with an “A”) and a Peltier element (1x1?cmarked with a “B”).B) Assembled chip-holder
with a transparent LOC chip installed. The contagtid held gold pins, which were in contact withidcontact
pads on the chip surface. Via this contacting, tfpas were transmitted to the interdigital transehs and
transformed into surface acoustic waves propagatinipe chip surface.

SAW droplet actuation. Actuation for moving droplets on the surface o thiezoelectric
substrate was done by surface acoustic waves (8Wpkawa Set al., 1989; Uchida Tet

al., 1995) for to bring reagents into contact andetaction centers. Surface acoustic waves
were generated by interdigital transducers, whidrewpatterned on the planar LiNHO
substrate flgure 5 B and figure 7 C). Electrical signals, sent by the HF generatorrewe
conducted via the gold contact pins of the lidhe gold contact pads on the chip surface.
Gold contacts on the chip served IDTs, where atadtrsignals were transferred into
mechanical vibrations propagating on the surfadestsate as acoustic sound waves (also
called acoustic streaming (Moroney R#l al., 1991; Wixforth A, 2003)). When a SAW
coupled into a droplet, this led to a pressureigradn the liquid. Depending 1) on the size of
the gradient, namely the applied HF power, as agltlepending on 2) the wetting angle of
the liquid (namely its contact angle on hydropkhiptiobic substrate) and on 3) the angle with
which the wave coupled into the fluid, the droméher started an internal streaming (small

gradient) or was pushed to move forward (large igrajlin the same direction as the sound
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wave (Guttenberg 2t al., 2004; Nyborg WL, 1998). Internal streaming coeld. be used for
mixing and a large gradient e.g. for moving droplas well as for dispensing small droplets
out of a larger volume (Strobl @Jal., 2004).

The LOC chips comprised 10 IDTs located around ¢hg to serve each lane of the
tracksystemf{gure 5 B andfigure 7 C). The high frequency generator was operated via a
joystick, controlling the actuation of each parteauSAW transducer on the chip. Using this
joystick, droplets could be actuated in a very @@eanner in either direction following the
virtual track system on the chemically structurétpcsurface. Thus, an exact alignment on
reaction centers could be achieved. On the chipiV$#tovided the connection of subsequent
sample processing steps, like e.g. moving sampaléeld droplets to various reaction areas on
the chip surface. SAW were used for providing theaverage by simply fusing an aqueous

sample-containing droplet with a larger-volume matheil droplet as well.

Performing virtual reaction chamber LV-PCR. Reactions were performed on the open 2-
dimensional planar chemically structured surfac¢éhefmicrofluidic chip device. To prevent

external cross-contamination and evaporation of PE&Rgents and sample material at high
temperatures, the aqueous droplet (including eagtion solution and sample material) was

encapsulated within a droplet of mineral didygre 7).
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Figure 7. Principle of virtual reaction chamber PCR A) Schematic drawing of virtual reaction chamber PCR.
An aqueous droplet of reaction mix is placed orhantically modified surface and covered by mineibtam
prevent evaporation. A proper arrangement of batpléts was achieved by chemical surface treatmiant
photolithography. A hydrophilic reaction center (50m in diameter) is enclosed by a hydrophobic, rivedding

the reaction mix in place; a surrounding hydrophdriea keeps the cover oil (3 mm in diameter) ac@lB)
Surface chemistry provided virtual confinement ddQ chip surfaces. The different surface tensionbath
liquids kept the spherical phase separation. Feuwalizing phase separation, a small droplet of dfudyed
aqueous solution was covered with 5 ul of mineikl ®) Gold contact pads were located around the chip,
serving the IDTs to generate SAWSs in any desireglction on the tracksystem. Via surface acousticesd/RC
droplets could be moved between reaction centedsbaih heater devices, the load resistor heatinythe
Peltier element. The whole chip comprises a siZ2®k 1.8 crh

The different surface tensions of the two liquideviided the spatial separation, while still
retaining the ability to be moved by SAW actuatiffigure 7 B). This kind of fluid
arrangement was transported in single oil coveregldts on a chemically modified surface
using surface acoustic waves (SAW) on the pieztedddNbO; substratefigure 7 C).
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Benefits of the planar virtual reaction chamber microdevice. The main purpose of a lab-on-
a-chip system is to simplify and automate laboenstve, time consuming and costly
laboratory procedures. However, conventional 3-dsmnally constructed microfluidic
systems are using channel networks, in which thaidi is controlled with external or
integrated miniaturized pumps and valves or viatedeapillary forces bearing some major
problems (as already described in the introducpany). As the pressure required for moving
the liquid scales inversely with the channel dinemgBrody JPet al., 1996), the power of
the pumps therefore has to be increased in the saayethe size is reduced, which
complicates integration into a complete system.ofding to the channel diameter only
laminar flow is possible due to low Reynolds nunsbéihe Reynolds number characterizes
the tendency of a fluid to develop turbulence. LReynolds numbers involve high viscosity
and laminar flow, while high Reynolds numbers imglow viscosity and turbular streaming.
But laminar flow is useless for biochemical reagcti@s this leads to insufficient mixing and
diffusion takes too much time. For generating tlabdlow in channel systems, actuators,
mixers, sensors and all that stuff are needed. Wytlirophilic channels that are filled by
capillary forces no pumps are needed, but the ftoidtrol is delicate. Furthermore, when a
biological solution is pumped through a narrow tulbe risk of reagent loss by adhesion to
the wall is large due to unfavorable surface tauwgd ratio. Other problems are that small
channels get easily clogged and that surface noadidin and functionalization is difficult to
control. Furthermore, channels are hard to clearors® has to deal with contamination.
Otherwise these complex structures were too expemsifabrication to be disposables.

To overcome all these problems, using a virtuattiea chamber device beared a lot of
benefits. The fluid actuation was done on a plaoaiace via SAW generated by IDTs via HF
signals, so no external pumps and no large presseire needed. Furthermore, no channels
were needed, as fluids were confined in virtuat tabes in form of free droplets due to
surface tension and surface chemistry. Small ansaeiquid did not need to be confined in
tubes or trenches, they formed their own test tuid together by surface tension, but
dependent on the wettability of the surface substiBhere was no large pressure needed, as
the droplet-in-oil arrangement was easily moved 8@&W power. Tracks and reaction
chambers were defined by a chemically modifiedaz&f As chips could be made cheap and
served as disposables, even contamination or chelogging did not play a role.
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3.4 BioSpot fluid-dispensing module

The BioSpot device was a nano pipetting system for non-cortqutd handling and was
fabricated and provided with appropriate softwane the company BioFluidix GmbH
(Freiburg, Germany). It comprised several partsuiéag a) a PipeJet dispenser moving in
Z-directions for liquid uptake and delivery, b)angle slay fixed on a slide rail moving in X-
directions and c) a power control box also housirgyringe pump supporting aspiration and
dispension of liquid. Onto the sample slay the dtofder device of the CytoCycler device
was installed, carrying a flask-filled reservoivae figure 10 A). The slide rail was about
70 cm in length and guided the chip-holder withaamcuracy of+50 um, thus enabling a
seamless motion of LOC chips to a sample take-gitipo close to the microscope, to the

dispensing PipeJet module and to the Fluorescence Reafiguie 8).

Laser microdissection supporting Fluorescence Reader
inverted optical microscope

Figure 8. Overview of the particular units of the whole LOC system.The five modules of the lab-on-a-chip
are shown namely the microscope combining laseradissection and SPATS transfer, the chip-holdethef
CytoCycler fixed on a moving slay, the BioSpalispensing device and components of the Fluorescen
Reader. The slide rail enabled X-directed motionthaf chip-holder, thus providing an elegant corinect
between individual LOC modules. The housing forth# optical components of the Fluorescence Reasler
well as this graphical overview picture was desifjitea computer aided design (CAD) program (Solidkgo
2006, Solid Works Corp.) and was kindly providedGylieckfeld.

The BioSpot operating unit consisted of three PipeJetamed PipeJetl (PJ1), PipeJet2
(PJ) and PipeJeat3 (PJ3) executing all aspiration, dispension amabshg operations. The
PipeJetsl were equipped with a tube reservoir, which washeeted to a syringe pump for
handling the aspiration and dispension of liqul3l and PJ2 could handle aqueous liquids
up to 50 ul, while PJ3 could handle up to 1 ml ohemnal oil for droplet coverage when

performing virtual reaction chamber PCR. Each RifaiéJhoused an elastic polymer tube,
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3. Description of the Lab-on-a-chip System

which was actuated by a piezostack driven pist@pasuding shooting operations. Polymer
tubes were of low cost and could be used as dippEsa“‘Shooting” meant a sequential
dispension of liquids at tiniest amounts of a fdwSgueezing the tube via the piston resulted
in a fast displacement of the filled liquid to bothhe open end of the tube and the end
connected to the reservoirgure 9). Thereby a small droplet of about 22.5 nl of iqwas
dispensed to the designated surface or resereomirig droplets of a few ul when repeated
several times. Dosage volumes could be controliedhb amplitude of the piezo actuator,
while other parameters involved in the dispensingcess could be defined via the freely

programmable software “BioSpot

connection _M
to reservoir -
piston -
elastic L
tube
slow
orifice / nozzle fast release

displace-
ment

Figure 9. Dosage principle of the BioSp&ts PipeJet] modules.The figure shows the piston driven actuation
of a polymer tube as housed in PipelJeR®J1, PJ2 and PJ3, resulting in the bidirectioigdehsion of nanoliter
droplets. Via a principle of fast displacement afav release, smallest droplet sizes of 22.5 nlccbe loaded
precisely on the chip surface (BioFluidix GmbH, iBtgg, Germany; Lindemann € al., 2004).

The BioSpdt provided the easiest way to combine all LOC mesldee to the 70 cm long
slide apparatus, included with the BioSpoand furthermore it will provide the important
interface for enabling automation of the total L&Stem. As a modular unit of the lab-on-a-
chip system, the BioSpotwas used as a dispenser for various liquids neddedhe
molecular biological analysis executed on the LOW@pcsurface. The BioSpot as a
computer-controlled dispensing platform, was capaiflunloading reagents at any destined
domain on the LOC chip surface. The z-axis, whieesRipeJefs were attached to, allowed
movements of up to 40 cm, while y-positions of thgpeletsl needed to be adjusted
manually. The distance between the three PipéJgisovided enough space that each
PipeJeil could reach the chip surface.

The software gave access to four single activerabnrtindows for operating the whole
BioSpot' device, namely (1) Axis Control and Axis Movemef®) PipeJéf Control, (3)
Valve Control and Pump Control and (4) Batch Modetotal operating procedure of the

BioSpot' started with dispensing e.g. 1 pl of master miretaction center B on the LOC chip
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surface for sample uptake. For that, the designRipdJeil was approached to a reservoir
flask (figure 10 A and B), was driven to aspirate a distinct amount ofdfland was moved to
the chip surface for unloadingure 10 C). Subsequently, the chip-holder was moved to the
microscope, waiting for sample uptake after micsedction and SPATS transfer. Sample
material, released into predispensed fluid, was edliately covered by mineral oil. For that,
the chip-holder was moved back to the designat@&férJapplying Sealing Solution either
directly by dropping onto the liquid droplet or loyspensing onto the LOC chip surface
(figure 10 D), while droplet fusion was achieved by surfaceuatic wave actuation.

N N s 4 |\ e

Figure 10. Workflow of the BioSpot’ applied on the lab-on-a-chip systemA) Via the slide rail the flasks-
holding reservoir device was centered to the PigeleB) A distinct amount of fluid was aspirated by one of
the PipeJefs. C) The designated Pipelktwas approached to the LOC chip surface and cehtereeaction
center A for liquid dispensioD) Via the piston actuation a small volume of 1 uliqéid was dispensed onto
the chip surface (red arrow), which was going tcteered with 5 pl of pre-dispensed mineral oikégr arrow)
for forming a virtual reaction chamber PCR dropleitngement.

Pipetting workflows like this could either be perfeed manually by operating the various
active control windows of the software or automaltic by executing pre-programmed
operations using the “Batch mode” setting of thitveare.
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3.5 Fluorescence Reader module

For PCR-based systems, detection of amplified prizdig surely the most important thing to
fulfill requirements of an entire modular “sampteanswer-out” uTAS device, while optical
detection methods still dominate over others duesdasitivity purposes. However, for
complexity reasons in most uTAS the optical detecis commonly accomplished using a
microscope located off-chip. Due to the modular ‘apken” character of the LOC comprising
a perfect accessibility to chips installed in thgtaCycler PCR device, a fluorescence
detection unit “Fluorescence Reader” could be iatesgl easily as not being part of any
fabrication process. The Fluorescence Reader ¢edsef a commercially available CCD
camera and control equipment. A similar simplefgdde and modular fluorescence detection
system for lab-on-a-chip applications was develdpetliovak Let al. (2007).

The Fluorescence Reader module of the lab-on-asysfem typically consisted of a) a light
source for emitting light at a suitable wavelengihge (blue LEDAyax = 47Gt2 nm with
collimating optics (inhibiting power losses overetllength of the optical path), b) an
ET482/35 excitation and ET536/40 emission filtar(3gax ex= 482 NMAmax em= 536 NmM), C)

a CCD camera as detector for signal processingtudag emitted light), d) external
electronics like a LED power supply control box amdrigger signal break-out box and e)
software for image data analysis. The optical mdtbxcitation light and emission light was
designed in a 45° arrangement for the optical sejoer of excitation and emission channels
(figure 12). A LED was chosen as light source as fluorescesystems based on light
emitting diodes (LEDs) became popular in the last {ears for their low cost, due to their
long lifetime and that LED’s light output can be dutated (Dasgupta Pkt al., 2003).
Additionally, traditionally used light sources likeercury lamps and lasers, were too bulky
and expensive for combination with the LOC devidege to collimation, the stray light of
the LED was minimized, in order to reduce the digrakground relation. The optical
system including LED and filter set was adaptedht fluorescence requirements of SYBR
Green | providing a typical standard fluorescenetection system. SYBR Green | is a
fluorescence dye intercalating into double-strand®tA molecules, absorbing blue light at
an absorption maximum of 498 nm and emitting grigimt at an emission maximum of
521 nm f{igure 11). Accordingly, integrated filter sets included excitation filter with a
transmission ofAqmax = 482 nm (spread 36 nm = 464-500 nm) and an eomidgter with a

transmission oAmax = 536 nm (spread 40 nm = 516-556 nm).
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Figure 11. SYBR Green | spectraExcitation and emission curves of the DNA inteatialg fluorescence dye
SYBR Green | are shown (from Fluorescence Dye aherPatabase at www.micro-shop.zeiss.com). The dy
comprised an emission maximum of 521 nm when etdigéd with excitation light at a maximum of 498 nm.

The Fluorescence Reader was positioned stationattyei middle of the LOC slide, between
microscope and BioSpo(figure 12). For excitation the LED as light source was piaagan
angle of 45° shining to the sample positioned @actien center B on the LOC chip surface.
LED collimated light was filtered by an exciter B35, exciting the SYBR Green | dye to
produce fluorescing light. Fluorescent light wasedted passing through an emission filter
ET536/40, followed by the collection of light byCLD camerafigure 12).

~= K

CCD camera detector
Emission filter
LED light source

Excitation filter

Figure 12. Design of the Fluorescence Reader inclundg CCD camera detector, LED light source and filte

sets.The Fluorescence Reader was integrated on the 4l@€, located between microscope and BioSpaAt
fluorescent sample was positioned to reaction cdéhief a LOC chip installed in the CytoCycler. Fdetection
of fluorescent sample signals, an angled arrangepfeexcitation and emission devices including ampiate
filters was chosen. Thus the optical part couldlé into two paths: excitation light was directedan angular
way to a fluorescent sample (blue light path), e/@initted fluorescing light was detected and capltutirect
vertically by the CCD camera positioned above (giéght path). CAD (SolidWorks 2006, Solid Works 199

image was kindly provided by G. Lieckfeld.
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The basic setup of the Fluorescence Reader, imgubdED light source, filter set, LED
power control box, trigger signal break-out box @m®IOS (Complementary Metal Oxide
Semiconductor) sensor as fluorescence signal deteas developed in the context of a
diploma thesis (“Fluoreszenzreader zur Detektion Biomolekilen auf einem ‘Lab-on-a-
chip’/Fluorescence reader for detecting biomolezue a lab-on-a-chip device”, submitted
by Taner Sari, April 2008). This work dealed witketcoupling of an optical Fluorescence
Reader to a “lab-on-a-chip”, whereas DNA moleculesriched with fluorescent marker)
were optically excited and quantitatively detectdd a detection unit. The setup was
optimized to the actual state in the context ofirdarnship program (“RT-PCR automation
for lab-on-a-chip using LabVIEW”, submitted by Muhaad Atyab Imtaar in January 2009),
where an  appropriate  LabVIEW-based  detection so#wa was  written
(“Grand_NIVision_Intensity _Consec_Subtract_Loopbad¢kwCamera.VI”) for automatic
picture taking and the CMOS chip detection unit vexghanged by a CCD camera for
sensitivity and resolution purposes. Additionaltipis software was adapted for manual
picture taking purposes (“Norbert.VI”).

For performing fluorescence detection, the chipdbolof the hardware heating-device
CytoCycler needed to be centered to the FluorescBeaderfigure 12). The temperature
control box of the CytoCycler provided the connegtto the software control, but also was
programmed to give trigger signals to the trigggnal break-out box of the Fluorescence
Reader. Trigger signals were produced for indicative end of a PCR cycle. There were
three trigger signal output-plugs at the backsidée temperature control device named 1, 2
and 3, representing the three periodically-repeatedperature steps of a PCR protocol.
Outlet 1 gave a signal after the denaturation siaflet 2 after the annealing step and outlet 3
after the extension step. Which of these outlets a@nected to the Fluorescence Reader
depended on the kind of PCR performed. In 2-steR,R@hen annealing and extension were
combined in one step, outlet 2 was the choice-step PCR outlet 3 needed be connected.
The trigger signal break-out box captured the &rggignal from the temperature control box
and activated the image capture and image progegsocess controlled by the particular
LabVIEW-based software. The LED was turned onltoriinate the sample for fluorescence

and a picture of the sample was captured by the €&@era arrangemerigure 13).
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Figure 13. lllumination of a fluorescent sample duing a PCR cycle.The inserts show the software captured
images at the specific temperatures of a PCR cytie.optical units for excitation of a fluoresceample and
detection of emitted fluorescence signal were pleat@ove reaction center B of the LOC chip in a d&Sign.

For excitation of the fluorescing dye in the sampl®ugh a blue LED, the optical excitation pathsviacused
through the oil into the aqueous reaction mix soiut A) When the sample droplet was enlightened at 94°C
during the denaturation step, no fluorescence watexl from the fluorescent dye inside the oil-o@eesample
droplet. This was due to the denatured DNA strahd®)g single-stranded and thus eliminating bindihghe
fluorescent dye SYBR Green I. Thus, software caotimages showed no fluorescence sigrajsiVhen the
sample droplet was enlightened at 60°C during tivealing and extension step of a 2-step PCR pedfioce
green fluorescence signals were emitted from th&R\Green | dyed sample and captured by the optical
detection unit. This was due to the double-strarididé molecules at the end of this temperature steppling

the incorporation of the fluorescent dye.

Taken pictures were stored in a separate folderflandescence intensities produced at the
end of each cycle were plotted graphically by tbéweare. At the end, an excel file was
generated summarizing all the collected and medsuatensities. There were two kinds of
pictures generated, “original” ones as well as ¢essed” ones. “Original” pictures
represented the real image, while “processed” mstuepresented subtracted fluorescence
intensities. The previous image was subtracted fcament image, so just the fluorescence

increase was displayed.
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4. Technical Evaluation of the Lab-on-a-chip Systa

In this section, the performance of the individu@C elements as well as their interplay was
characterized concerning operating efficiency. Emply the capability of the PCR
amplification device CytoCycler was analyzed ineyal biochemical reactions concerning

amplification efficiency and detection sensitivitiya small amount of sample material.

4.1 Reliability of heat transfer

Temperature measurements were performed by imgjadi adapted measurement LOC chip
into the chip-holder of the CytoCycler. Input temgiares, controlled by the software and
measured by the chip-holder’'s temperature sensere wompared to output temperatures
measured on reaction center B of the measureme@t ¢itp by a temperature sensor. Thus,
the heat transfer from the software to the Pedtiement and finally onto the chip surface was
validated. Various temperatures in a PCR relevamperature range from 25°C up to 100°C
were tested. Additionally, the performance of anpfi@peed slide cycler was tested as a
reference PCR system.

The first temperature profile comprised measuremairith increasing temperatures, starting
from 30°C, and followed by stepwise temperaturgaments of +5°C up to 100°C, while
each temperature was held for about 30 sec. There slight negative deviations detectable
in the upper temperature range from 70-100°C atvanage of -0.243°C, but rather randomly
distributed than in an increasing linear mannerthi@ lower temperature range from 30°-
65°C, however, decreasing positive deviations waeasured at an average of +0.527°C.
Results derived for the CytoCycler were summarinddble 3.

The second temperature profile comprised measursmetin temperatures simulating 3-step
thermal PCR cycling, starting from 95°C held forrhin, followed by 3-5 cycles of 94°C for
30 sec, 60°C for 30 sec and 72°C for 30 sec. Twiependent runs were performed.
Temperature measurement results derived for the@yler at each specific temperature
were summarized itable 3. In both runs there were slight but tolerable fasitemperature
deviations detectable. At 95°C, simulating an alitienaturation step, the averaged positive
deviation was about +0.90°C. At 94°C, simulating ttenaturation steps at each PCR cycle,
positive deviations were measured at an average0d38°C. At 60°C, simulating the
annealing step at each PCR cycle, the positiveatiens were at an average of +0.26°C. And
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at 72°C, simulating the extension step of each R@&le as well as the final product
extension step, averaged positive deviations weaoeta+0.67°C.

Table 3. Temperature deviations between input and outpupégature measured at the CytoCycler device. The
particular deviations at each measured temperatergiven in brackets and are marked with a dejta@).

Input Averaged output Input Averaged output Averaged output
temperature by | temperature on chip | temperature by | temperature on temperature on
software [°C] surface [°C] software [°C] chip surface [°C] chip surface [°C]
Temperature increment +5°C Simulating PCR cycling
30 31.05 QA +1.05) Run 1 Run 2
35 35.92 A +0.92) 95 95.21 A +0.21) 96.604 +1.60)
40 40.73 0 +0.73) 94 94.47 (A +0.47) 95.024 +1.02)
45 45.59 (A +0.59) 60 60.21 QA +0.21) 60.324 +0.32)
50 50.43 (A +0.43) 72 72.51 (A +0.51) 72.864 +0.86)
55 55.26 (A +0.26) 94 94.28 (A +0.28) 95.374 +1.37)
60 60.19 A +0.19) 60 60.37 A +0.37) 60.284 +0.28)
65 65.05 QA +0.05) 72 72.64 (A +0.64) 72.684 +0.68)
70 69.89 A -0.11) 94 95.23 (A +1.23)
75 74.69 A -0.31) 60 60.22 (A +0.22)
80 79.73 A -0.27) 72 72.67 (A +0.67)
85 84.84 A -0.16) 94 95.26 (A +1.26)
90 89.87 A -0.13) 60 60.22 (A +0.22)
95 94.78 (A -0.22) 72 72.70 ( +0.70)
100 99.50 A -0.50) 94 95.23 A +1.23)
60 60.18 A +0.18)
72 72.63 (A +0.63)

Values of input temperatures were plotted againgpud temperatures and illustrated in a
graphical image figure 14 A). The distinct deviation values were related toasuged

temperatures and were shown graphically in an @dait plot figure 14 B).
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Figure 14. Temperature measurements of the LOC Cytycler. A) Graphical display of measured input
temperature (via software) versus output tempezgiuia hardware on the chip surface). Slight déwiet could
be detected at each measuring point. The drift ath lgraphs clearly showed positive deviations atelo
temperatures and negative deviations at higher eemyresB) Graphical illustration of the deviations of each
particular temperature. Input temperatures wertdgaagainst measured temperature deviations.
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The PCR-simulated temperature profile of 94°C, 60a@d 72°C was applied to the
AmpliSpeed slide cycler as well. Slight deviatiafsconstantly about0.5°C were recorded
for the slide cycler, featuring this cycler as deal reference system for the LOC system,

especially for performing negative and positivetecolreactions during PCR performances.

According to an optimal setup based on contactunases of the Peltier element and the
chip underside, the CytoCycler provided a stabk hansfer onto the chip surface. Besides
an efficient and optimal temperature transfer,ablsttemperature support could be provided
by this setup. Repeated temperature measuremengsp@dormed in two independent runs.
Temperature output was quite constant at simulg@R cycling any time tested, accounting
for reproducible temperature measurements. In abwedependent measuring approaches,
constantly slightly positive temperature deviaticftse to the desired input temperature were
detected. These positive temperature deviationsesepted an optimal temperature transfer
effectivity from the Peltier element to the LOC glsurface. This optimal temperature output
on the chip surface validated the CytoCycler fdrabde PCR performances on the LOC
system. This setup of direct contact between thedirng element and the microchip was
comparable to the used multi LV-PCR microdevicehjctv were applied on conventional
thermocycler devices using an appropriataitu adapter, like e.g. reported in SchmidietJ

al. (2006), Proff Cet al. (2006), Lutz-Bonengel & al. (2007) and Schmidt &t al. (2008).
This contacting setup was also applied in the sppebermocycler designed for slide-based
PCR (AmpliSpeed slide cycler, Advalytix AG/Beckm@nulter Biomedical GmbH, Munich,
Germany). This commercially available AmpliSpeeddes!| cycler device provided a
comparable contact heating method for performivgVolume PCR amplification reactions
using a multi LV-PCR microdevice. Thus, it was takes reference system for all conducted
measurements. As temperature measurement resulés guée comparable between both
devices, the AmpliSpeed slide cycler was taken gerananent reference PCR system for

validating the results obtained from the LOC Cytolgy PCR performances.

4.2 Evaluating the minimum amount of target materal

The CytoCycler was characterized for product deiectimits of amplification using

decreasing amounts of input DNA for low-volume P@R-PCR) analysis. The effectivity
of the PCR was tested by reducing template coragoris until no successful amplification
product could be detected after a large numberyokes. The minimum amount of target

material was detected, thus validating the detadimit of PCR analysis performed on the
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CytoCycler. Thermal cycling performances of LOCpshon the CytoCycler were validated
against reference performances of a multi LV-PCRrodevice (AmpliGridl AG480F) on
an AmpliSpeed slide cycler during parallel cyclingluding positive and negative controls.
Concentrations for input DNA were 1 ng, 500 pg, ¥2f) 50 pg, 25 pg and 12.5 pg of
purified human female genomic reference DNA makefimplifications were performed on a
297 bp fragment of the human high copy gBretin as well as on 106/112 bp fragments of
the human gender determining gene amelogenin. K36abp fragment is amplified from the
X-chromosome and a 112 bp fragment from the Y-clmsome, a determination of male and
female samples was possible.

Concerning the upper range of input DNA, perfornesnof LOC chips and the multi LV-
PCR microdevice were quite comparableBhactin amplification figure 15). Both devices
revealed positive and reliable product detectiota daiarting from 1 ng down to 25 pg of
human genomic female input DNA, whereas productbagroduced by the multi LV-PCR
microdevice were always slightly stronger. Ampkitiion results of 1 ng and 500 pg were not
shown due to most stable performances and thusofac&mparability. While the multi LV-
PCR microdevice could successfully amplify everbi®y of genomic input DNAfigure 15

D), the minimal amount of genomic starting matenhich gave still a reproducible result for
LOC chip amplification was 25 pdigure 15 C). Amplification of 10 pg of genomic input
DNA failed in both devicesfigure 15 A). For a better overview, results of sensitivitgtse

were summarized in a scheduiable 4).
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Figure 15. PAAGE data of detection limits for PCR anplification of a 297 bpB-actin fragment. Validation

of the amplification efficiency of LOC chips compdrto a multi LV-PCR microdevice is shown. Decregsi
concentrations of genomic female reference DNA wesed as input DNA. M = molecular length standard
(100 bp DNA ladder, New England BioLabs, BeverlyAMJSA). NC = negative controA) Amplification of
100 pg and 10 pg target DNA materialLane 1: 100 pg on LOC chip; lane 2: 100 pg on muitiPCR
microdevice; lane 3: NC on multi LV-PCR microdeyjitane 4: 10 pg on LOC chip; lane 5: 10 pg on miti
PCR microdevice; lane 6: NC on multi LV-PCR micreie. B) Amplification of 50 pg target DNA material.
Lane 1: 50 pg on LOC chip; lane 2: 50 pg on muM-RCR microdevice; lane 3: NC on multi LV-PCR
microdevice.C) Amplification of 25 pg target DNA material. Lane 1: NC on multi LV-PCR microdevice;
lane 2: 25 pg on multi LV-PCR microdevice; lane23: pg on LOC chipD) Amplification of 12.5 pg target
DNA material. Lanes 1+2: 12.5 pg on multi LV-PCR microdeviceida: 12.5 pg on LOC chip; lane 4: NC on
multi LV-PCR microdevice.
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In amelogenin amplification, performances of LOGpshand the multi LV-PCR microdevice
were comparable as welligure 16). Both devices revealed positive and reliable pobd
detection data starting from 1 ng down to 50 pgesfomic female input DNA, whereas again
product bands produced by the multi LV-PCR micrackewvere always slightly stronger.
Amplification results of 1 ng and 500 pg were nodwn due to most stable performances and
thus lack of comparability. At lower DNA concentaats, the multi LV-PCR microdevice
could successfully amplify 25 pg of genomic inpWXIA, but failed in amplifying 12.5 pg.
For amelogenin, a reliable LOC chip performance detected down to 50 pg. As LOC chips
failed in amplifying 25 pg and 12.5 pg of genomnput DNA, the minimal amount of
genomic starting material which gave still a repr@tlle result indicating a reliable LOC chip
amplification performance was 50 pg. Accordinghe previous results, the amplification of
10 pg was not even tried. For a better overviesulte of sensitivity tests were summarized

in a scheduletéble 4).
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Figure 16. PAAGE data of detection limits for PCR anplification of 106 bp amelogenin fragments.
Validation of the amplification efficiency of LOChips in comparison to a multi LV-PCR microdevice is
shown. Decreasing concentrations of genomic femefezence DNA were used as input DNA. M = molecular
length standard (Superladder-low 100 bp ladder RigddyRufl, Thermo Scientific, ABgene, Epsom, Surrey,
UK). NC = negative controlh) Amplification of 100 pg and 50 pg target DNA magrial. Lane 1: 100 pg on
LOC chip; lane 2: 100 pg on multi LV-PCR microdevitanes 3+4: NC on multi LV-PCR microdevice; ldne
50 pg on LOC chip; lane 6: 50 pg on multi LV-PCRcrodevice.B) Amplification of 25 pg target DNA
material. Lane 1: 25 pg on LOC chip; lane 2: NC on multi PGR microdevice; lanes 3+4: 25 pg on multi LV-
PCR microdeviceC) Amplification of 25 pg and 12.5 pg target DNA mterial. Lane 1: 25 pg on multi LV-
PCR microdevice; lanes 2+4: NC on multi LV-PCR rogevice; lane 3: 25 pg on LOC chip; lane 5: 12.%pg
LOC chip; lanes 6+7: 25 pg on multi LV-PCR microabevD) Amplification of 12.5 pg target DNA material.
Lane 1: 12.5 pg on LOC chip; lanes 2+3: 12.5 pgmutti LV-PCR microdevice; lane 4: NC on multi LV-IRC
microdevice.

At higher concentrations from 1 ng to 50 pg, resdf PCR performances were always
constantly positive and quite comparable betweeth loyclers and both amplification
performancesf3-actin as well as amelogenin. There were just slgifferences in the
thickness of bands in the PAAGE gel data.

As summarized intable 4, for LOC chips 25 pg genomic input DNA was theed#ibn limit

for amplifying B-actin gene fragments and 50 pg for the ampliftcatof amelogenin
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fragments. Below these thresholds, no bands coelddétected reliably any more. In

comparison, the multi LV-PCR microdevice manageanwlify 12.5 pg of genomic DNA

reliably in B-actin application and 25 pg in amelogenin PCRsthaving a slightly better

detection limit than LOC chips.

Table 4. Summary of detection limits of LOC chips compateda multi LV-PCR microdevice. Positive PCR
products were marked with a “+”, while failed anfigttions were marked with a “-*.

i1ng | 500pg| 100pg |

50 pg

25 pg

| 12.5pg | 10 pg

B-actin PCR amplification detection limit

LOC chip

+

+

+

+

+

Multi LV-PCR microdevice

+

+

+

+

+

+

Amelogenin PCR amplification detection limit

LOC chip

+

+

+

+

Multi LV-PCR microdevice

+

+

+

+

+

- /

Differences in the various detection limits of L@Gips and the multi LV-PCR device when
amplifying B-actin and amelogenin gene fragments could béatéad to the nature of these
genes amplified. ThB-actin gene is known as a gene having a high copyber distributed
throughout the whole genome in pseudogenes (Ngt&Y., 1985), thus presenting a much
higher amount of target material, which is goindoamplified. Amelogenin, in contrast, is
only located on gender chromosomes (LaueE&., 1989) and thus presents a less amount of
target sequences that potentially can be ampldiethg PCR.
General differences in detection limits between LQ@@Gips and the multi LV-PCR
microdevice could be related to the diverse archites of reaction centers and the associated
capability of heat transfer. The multi LV-PCR devicomprised hydrophilic reaction centers
of 1.6 mm in diameter, where attached liquids hddva contact angle and could wet the
substrate in a way that they are forced to fornemisircular shape. Reaction center B of
LOC chips offered just a hydrophilic area of 500 pondiameter, where attached liquids had a
higher contact angle and could wet the substrae édficiently forming an almost circular
shaped droplet. This design might seem kind of gtilmal, but it was definitely needed for
sustaining the capability of actuating and movimgptets by the power of surface acoustic
waves. The multi LV-PCR microdevice could providebetter heat transfer into the oil-
covered master mix droplet, as having a larger aaindrea to the heated surface of the
microdevice. As LOC chips provided a smaller cont@ea of the almost roundly shaped
master mix droplet to the heated chip surfacehte transfer was less efficient and resulted
in a less sensitive amplification threshold. Aduhtlly, the design of the outer hydrophilic
ring, which keeps the mineral oil centered to theemus droplet, was different and could also
had an effect on cycling efficiency. While this gircompletely surrounded the reaction
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centers on the multi LV-PCR microdevice, on LOCpshihese border was intermitted by the
virtual tracks to all four sides providing accesstlhe reaction center for SAW actuated
droplets. However, these four gaps favored a mowemiethe oil in some cases, interfering
with the shape of the covered PCR droplet and emplelvaporation effects. These possible
evaporation events could also have shrinked thesiteaty limit of LOC chip PCR
performances. However, despite these little hapdicthe PCR performance on LOC chips
was quite promising, as a DNA amount of about 7 &migenome copies (about 50 pg) was
enough for a reliable amplification of amelogeniagiments. InB3-actin PCR only a DNA
amount of 3-4 human genome copies (about 25 pg) suéfcient due to the high-copy
character of this gene.

Furthermore, amplification was done on human genddNA, which can be considered a
“difficult” template as it has a high sequentialdaspatial complexity. In genomic DNA
analysis a well-known problem of PCR is the lackspgcificity for the desired product
resulting in a number of longer or smaller fragmsetitat can also be detected after the
process. As can be seenfigure 15 andfigure 16, there were some unspecific products,
some smear bands, detected besides the authemdiecprespecially when higher input DNA
concentrations were used. Side products were relduben less DNA was used, accounting
again for a more specific analysis when using gusinall amount of genomic target DNA, as
favored in LV-PCR analysis. However, these staigedars were also detected in lanes of
negative controls, where demonstrably no specifadpct was detected. As these smears
were not stronger in these blank lanes, this adsostill for staining artifacts as well as a
highly specific amplification, when real input DNas available, as otherwise blank band
strengths were expected to be stronger due toclespetition for target DNA. Generally,
these side products can be suppressed when anedysiitions get optimized concerning
temperatures and cycling times. However, also reduthe amount of target material could
reduce these side products, as was shown espdoiathe-actin cycling resultsfigure 15).

An enhanced sensitivity and efficiency of analysigen using low-volume PCR was reported
several times in literature when departing from aduminous standard reaction volumes
(Guttenberg Zt al., 2005; Schmidt L&t al., 2006; Proff Cet al., 2006; Lutz-Bonengel &

al., 2007; Schmidt Wt al., 2008). In such a small reaction volume of jugtllin total,
sensitivity is believed to increase especially doea higher impact probability between
reactants present in the biochemical reaction mextAs reactants are in closer contact and
valuable target material gets less diluted in niiardic devices (Gaines Mlet al., 2002;
Kloosterman AD and Kersbergen P, 2003; Kricka Ld ®ilding P, 2003; Leclair &t al.,
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2003; Proff Cet al., 2006; Schmidt L&t al., 2006) also the highest sensitivity within a PCR
device could be reached. The successful amplifinadf a single DNA template was shown
for a glass microchamber (Lagally E€T al., 2000; Lagally ETet al., 2001), however, just
pre-purified DNA material was used. As the ultimathievement of a micro total analysis
system is to analyze crude unpurified sampleswfdopy number down to a single cell, low-
volume PCR applied on microdevices provides a duasis for that.

4.3 Ultimate speed of cycling

The effectivity of the CytoCycler PCR device wasuatterized for product detection limits
of amplification using decreasing cycling timeswas|l as decreasing DNA amounts of input
DNA for low-volume PCR (LV-PCR) analysis. Thus, thdtimate speed of cycling
performances was determined. Cycling times wereaed starting from 30 sec to 10 sec and
down to a minimum of 5 sec temperature hold-time PER temperature step, while the
number of cycle repetitions was constantly set @oc$cles in total. Amplifications were
performed on a 297 bp fragment of the human higpycgene(-actin as well as on
106/112 bp fragments of the human gender detergiigene amelogenin. A 2-step PCR
protocol as well as a 3-step protocol was testeithguDNA amounts of 500 pg, 100 pg, 50 pg
and 25 pg of human genomic male reference input DN#ermal cycling performances of
LOC chips on the CytoCycler were validated agarestrence performances of a multi LV-
PCR microdevice (AmpliGrid AG480F) on an AmpliSpeed slide cycler during patal
cycling including positive and negative controls.

Concerning the 2-step PCR procedure, temperatudetinoes could successfully be adapted
to a fast PCR performance, speeding up total aydimes for the amplification @-actin as
well as amelogenin fragments. Denaturation timeaoh cycle was performed at 95°C for
10 sec instead of 30 sec, while combined anneaimyextension times were shortened to
30 sec in total instead of 60 sec standard PCRo@obffigure 17 A). Despite a lot of side
products, fragments could successfully be amplifiesm 500 pg human genomic male
reference input DNA and the total PCR amplificatione for LOC chips was reduced from 1
h 30 min to about 1h, and for the multi LV-PCR m@evice from 1 h 45 min to about
1h 15 min. Results of speeding up reactions wemansarized intable 5.
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Figure 17. PAAGE data of cycling efficiency concering temperature hold-times. Validation of the
amplification efficiency of LOC chips in compariséo a multi LV-PCR microdevice is shown. Decreasing
cycling times for LV-PCR amplification of 297 Hpactin and 106/112 bp amelogenin gene fragmentg wer
tested, while male and female reference DNA wasd ugseconcentrations ranging from 500 pg to 1005ipg
and 25 pg. M = molecular length standard (ReddyBuperladder-low 100 bp ladder, Thermo Scientific,
ABgene, Epsom, Surrey, UK). NC = negative contf)lLanes 1-6 = 2-step PCR, 500 pg input DNA.ane 1:
500 pgB-actin on LOC chip; lane 2: 500 f@yactin on multi LV-PCR microdevice; lane 3: NC omlthLV-
PCR microdevice; lane 4: 500 pg amelogenin on L®{p;clane 5: 500 pg amelogenin on multi LV-PCR
microdevice; lane 6: NC on multi LV-PCR microdevitanes 7-11 = 3-step PCR, 500 pg input DNA.ane 7:
500 pgp-actin on LOC chip (10 sec); lane 8: 500 p@ctin on multi LV-PCR microdevice (10 sec); lane 9
500 pg amelogenin on LOC chip (10 sec); lane 10: 59 amelogenin on multi LV-PCR microdevice (10)sec
lane 11: NC on multi LV-PCR microdevicB) Lanes 1-16 = 3-step PCR on amelogenin. Lanes 1-%80 pg
input DNA. Lane 1: 500 pg on LOC chip (5 sec); lane 2: 50@pgnulti LV-PCR microdevice (5 sec); lane 3:
NC on multi LV-PCR microdevice (5 sed)anes 4-7 = 100 pg input DNALane 4: 100 pg on LOC chip
(10 sec); lane 5: 100 pg on multi LV-PCR microdev{i@0 sec); lane 6: 100 pg on LOC chip (5 seck [@n
100 pg on multi LV-PCR microdevice (5 setpanes 8-11 = 50 pg input DNALane 8: 50 pg on LOC chip
(10 sec); lane 9: 50 pg on multi LV-PCR microdev{@@® sec); lane 10: 50 pg on LOC chip (5 sec); lahe
50 pg on multi LV-PCR microdevice (5 sec); lane BIZ on multi LV-PCR microdevice (5 set)anes 13-16 =
25 pg input DNA. Lane 13: 25 pg on LOC chip (10 sec); lane 14: @®m multi LV-PCR microdevice (10 sec);
lane 15: 25 pg on LOC chip (5 sec); lane 16: 2Bpgnulti LV-PCR microdevice (5 sec).

Concerning the 3-step PCR procedure, temperatudetinoes could successfully be adapted
to a fast PCR performance, speeding up total aydimes for the amplification @-actin as
well as amelogenin fragments. In each cycle, teaipez hold-times for the denaturation,
annealing and extension steps were reduced toatialuof 10 sec as well as 5 sec in total for
each temperature instead of 30 sec standard P@&cptdigure 17 A and B). Additionally,
the final product extension time was shortened ffhsec to 30 sec. In the 10 sec protocol,
fragments could successfully be amplified for 5@0down to 25 pg on both devices, while
only amplification of 100 pg on the multi LV-PCR enbdevice failed. In the 5 sec protocol,
input DNA amounts from 500 pg down to 25 pg suceeed amplification on both devices,
LOC chips as well as the multi LV-PCR microdevi@igyre 17 B). The “10 sec”-based total
3-step PCR amplification time for LOC chips could teduced from 1 h 30 min to about
33 min, and for the multi LV-PCR microdevice fromhl45 min to about 54 min. The
“5 sec”-based total PCR amplification time for L@RGips was successfully reduced from 1 h
30 min to about 26 min, and for the multi LV-PCRcnodevice from 1 h 45 min to about

47 min. Results of speeding up reactions were sumathintable 5.
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Table 5. Overview of PCR amplifications performed while isking down cycling times. Positive PCR
products were marked with a “+", while failed anficiitions were marked with a “-“. Amelogenin

amplifications were marked as “am”, a@ctin ones as “act”.

: Original PCR Adapted PCR . Multi LV-PCR
PER: protocol protocol LOT EEs microdevice
QuantiFastO 95°C 5 min 95°C 5 min
SYBR" Green 40 x 40 x 500 pg - act| + | 500 pg - act
| PCR kit 95°C 30 sec 95°C 10 sec 500 pg-am| + | 500 pg-am
(2-step PCR) 60°C 60 sec 60°C 30 sec
. . . . 500 pg - act| + | 500 pg - act
95°C_ 5 min 95°C_ 5 min 500 pg - am| + | 500 pg - am
QIAGEN " Fast 30 x 30 x
Cycling PCR 94°C 30 sec 94°C 10 sec 100 pg-am| + 100 pg -am
kit 60°C 30 sec 60°C 10 sec 50 ba - am N 50 bd - am
(3-step PCR) 72°C 30 sec 72°C 10 sec P9 P9
72°C 60 sec 72°C 30 sec 25 pg - am + 25 pg - am
95°C 5 min 95°C 5 min 500 pg-am| + 500 pg-am
QIAGEN " Fast 30 x 30 x
Cycling PCR 94°C 30 sec 94°C 5 sec 100 pg-am| + 100 pg-am
kit 60°C 30 sec 60°C 5 sec
(3-step PCR) 72°C 30 sec 72°C 5 sec 50pg-am |+ 50pg-am
72°C 60 sec 72°C 30 sec 25 pg - am + 25 pg - am "

An optimal heat transfer to the sample as well &t heating and cooling rates of the
microdevice are main characteristics for rapid icgckimes and fast reaction performances,
as focused in microdevice application. Heating emaling rates are mainly featured through
the thermal mass of the device destined for theooalrol. Compared to LOC chips, the heat
transfer to the sample was ensured in a more optiana in the multi LV-PCR device due to
the architecture of reaction centers, as discussadhapter 4.2 Thus, band strength was
again stronger in multi LV-PCR microdevice applioas for 2-step PCR cycling times up to
30 sec combining annealing and extension steps.eMeny for shorter cycling times in
“10 sec™ and “5 sec’-based 3-step PCR performantasd intensity of LOC chip
amplification products was slightly stronger. Thésmefits in effectivity could be attributed
to faster heating and cooling rates of the LOC Cytder. As the AmpliSpeed slide cycler
device applied on the multi LV-PCR microdevice coisgd heating and cooling rates of
3 K s?, the LOC CytoCycler comprised a heating rate df 8* as well but also a faster
cooling rate of 4 K'$. The faster cooling rate is due to the lower tr@mass of the 1x1 ¢m
sized heating area of the Peltier element of th€ ltoCycler in comparison to the larger
7.6 x 2.5 crfi sized heating area of the AmpliSpeed slide cydais lower thermal mass
resulted in more efficient and specific amplificatireactions when cycling times of PCR
were speeded up and of course in a more rapid cagibn performance as well. As both

heating devices, the CytoCycler as well as the A8paed slide cycler had notedly a lower
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thermal mass and higher heating and cooling rae®aventional thermal cyclers, which are
around 1-2 K 3, times needed for amplification reactions couldcgssfully be reduced to
5 sec per temperature step. Surely, the LOC Cytle€\gystem is inferior to other PCR
microdevices using flow-through applications or HRating, designed for setting kind of
world records in PCR cycling within 1.7 min (Hasloto M et al., 2004), 5 min (Oda RE

al., 1998; Hihmer AFR and Landers JP, 2000; Giord2@at al., 2001 (a) + (b)) or 6 min
total time (Obeid Pét al., 2003). However, mostly high concentrations gfunDNA were
used there and the LOC CytoCycler was not desidoedltra-fast reaction performances.
Here, higher values were rather set on a) providimgodular solution capable of accepting
various kinds of tiny sample materials, b) on avarsal applicability for pre- and post-PCR
sample processing based on a planar surface dancte) on disposability purposes, which
are the reasons for having chosen the Peltier elebssed design.

Additionally, there were other virtues favoring ihpperations in LV-PCR applications.
Faster cycling times further provide a minimizedkriof possible evaporation effects
influencing the PCR results, which were reportedd¢our to 10% (v/v) in virtual reaction
chamber LV-PCR amplifications (Guttenbergtzal., 2005). Short process times also have a
positive effect on the effectivity of the polymeeas the PCR solution, as the lifetime of the
enzyme is reduced during the high temperaturesstatel finally, fast cycling times hold the
potential to prevent temperature gradients and thweduce the generation of unwanted and
unspecific side products and smear bands during R@®plification. Compared to
amplification results shown iohapter 4.2 where a lot of smear could be detected, shorter
cycling times as shown in this chapter were capableliminating these kinds of genomic
side products almost totally due to less genomrigetamaterial used on the one side, and

optimized analysis conditions on the other side.

4.4 Sensitivity of the Fluorescence Reader

Besides the evaluation of sensitivity and efficig€ reactions that can be performed on the
LOC CytoCycler, the capacity (namely the operagff@iency) or respectively the sensitivity
of the LOC integrated Fluorescence Reader was ze@dlySYBR Green | treated sample
droplets of 1 pl total volume were positioned oacten center B on LOC chips installed in
the CytoCycler, were covered with mineral oil atidniinated via the Fluorescence Reader
setup after eliminating ambient light. When enlegieéd with blue exciting light, green

fluorescence signals were emitted from the sampléhb dsDNA intercalating dye SYBR
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Green |, present in sample droplets. The intertdityhe emission depended on the amount of
double-stranded DNA present in the solution, begatssquantum vyield increased by orders
of magnitude when it intercalated. Interpretatidmictures, concerning fluorescence quantity
and quality, was performed visually by image datalysis.

Calibration of fluorescence intensities was perfednaccording to the DNA amount present
in 1 pl reaction volume. Decreasing standard camagons of 10 ng, 5 ng, 1 ng, 500 pg and
100 pg of reference DNA were mixed with fluoresc&¥BR Green | dye. Fluorescence
intensities were recorded as image data using LEW¢based software at exposure times of
200 ms, 400 ms, 600 ms, 1000 ms, 2000 ms and 480& mom temperature as well as at
55°C and 72°C. Latter temperatures were choseninaslating relevant temperatures of
picture taking during PCR performances. Image déatealibration tests performed at room
temperature was summarized figure 18. Strong fluorescence signals at nearly each
exposure time were provided by samples containorgentrations of 10 ng, 5 ng and 1 ng
DNA, and also the sample containing 500 pg DNA stobwlear intensities down to an
exposure time of 200 ms. The 100 pg loaded sarpleever, gave just hardly detectable
signals at exposure times of 200 ms and 400 mssthariger signals from 600 ms on. Thus,
600 ms was considered the best-suited exposureusme for validation of subsequent real-
time PCR performances due to two reasons. Fir€@iQ@ims a clear signal was achieved even
when using a small amount of target DNA materia le.g. 100 pg input DNA. And second,
exposure times were aimed to be kept as shortsslppe to avoid dye bleaching, thus longer
exposure times could be neglected. Image data ldfraton tests performed at simulated
PCR cycling times 55°C and 72°C was summarizdd@yure 19. Only image data of using an
exposure time of 600 ms is shown, as this settiag @onsidered most relevant for real-time
PCR performances. At 55°C and 72°C strong fluomseesignals could be detected using
input DNA concentrations of 10 ng and 5 ng presentthe sample droplet. Lower
concentrations of 1 ng, 500 pg and 100 pg prodweedker but still reliably detectable
signals at 55°C. However, at 72°C these lower coinaBons were even harder to detect. As
signal intensities dropped dramatically, 500 pg 460 pg DNA concentrations could no

more be detected reliably as a clear fluoresceigoals
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Figure 18. Calibration of fluorescence intensitiesneasured at room temperature.Pictures of evaluated
fluorescence intensities of various decreasingdstah DNA concentrations from 10 ng down to 100 pg a
shown at exposure times from 200 ms to 1000 msgéoexposure times like 2000 ms and 4000 ms just
provided even stronger signals, but this data watsshown due to unrealistic applicability when netijag
bleaching effects of fluorescing dyes over time.

A ssc| ¢ ssc | E 5G| G s5G | 4
10ng &00ms | Sng 800 ms | 1ng 800 ma | 500 pg 800 ms | 100 pg

55°C

600 ms

B 6| D T2°C | F 72°%C | H 76 | K 72°C

10 ng B00ms | Sng 800 ms | 1ng 800 ms | 500 pgy 00 ms | 100 pg 800 ms
Figure 19. Calibration of fluorescence intensities measured ab5°C and 72°C.Pictures of evaluated
fluorescence intensities of various decreasingdstah DNA concentrations from 10 ng down to 100 pg a
shown at an exposure time of 600 ms, as most neldea PCR performances. Measurements were perfbahe

PCR relevant temperatures of 55°C simulating arealnmy/extension step at 2-step PCR performancds an
72°C simulating the extension step when using B-B&€R performances.
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Experimentally, real-time PCR was carried out on tOC CytoCycler using a SYBR Green
I-based fluorescence detection system. In real-B@R, the direct observation of the amount
of DNA present in the reaction mix after each cysldacilitated. Increasing fluorescence
signals in dependence of increasing amounts of iietpIDNA products are detected,
indicating a successful amplification. As the antooindsDNA is highest at the end of each
extension phase during PCR, at this point the sitgnvas captured, pictures were taken and
the ratio of cycle number to intensity signal wéstted to a graph in the software screen. The
actual state of the PCR during the temperatureesyelas continuously displayed by
LabVIEW-based software. Different amounts of matel &emale human genomic reference
input DNA comprising 1 ng, 500 pg and 100 pg wemgpkfied via LV-PCR on the chip
surface. Amplified products were detected bothoaaventional PAAGE and as image data
using LabVIEW-based software. Both, 2-step andep-fRCR performances were analyzed
for validation, while exposure times were 200 m80 4ns and 600 ms. In 2-step PCR
performances, pictures were taken at 55°C or 6@ftle in 3-step PCR pictures were taken
at 55°C and 72°C for comparability reasons.

Exemplarily for a broad range of real-time PCR dfigaition reactions performed, 2-step
ones as well as 3-step ones, which all showed @aiteparable results, the image data of
three amplification reactions were shownfijure 20 the amplification of3-actin fragments
using 500 pg input DNA and a 2-step PCR procedwas Mustrated. Pictures were taken at
60°C after the combined annealing/extension stgp.trBnd, an increase in fluorescence
intensity against increasing cycle numbers couldiécted via software and a graph was
plotted. About the same proportional rise in fllem@nce intensities were detected when
starting amounts of 1 ng or 100 pg were used. Aalfttly, amplified[3-actin products could
successfully be detected via PAAGE afterwards.

In figure 21 the amplification of amelogenin fragments usin® $@ input DNA in a 2-step
PCR procedure is demonstrated. Pictures were takterb5°C after the combined
annealing/extension step. Again, a considerables@se in fluorescence intensity could be
detected continuously by software and a graph watted. Comparable results were obtained
when 1 ng or 100 pg input DNA was used. AdditionalAAGE was applied on amplified
amelogenin products. In different approaches, s@usitive bands could be detected
successfully, while in other approaches no posiinglification bands could be detected at

all despite a software-recorded increasing fluaase figure 21 J).

75



4. Technical Evaluation of the Lab-on-a-chip System

Cycle 5 Cycle 10
ms 600 ms
m

B [+

500 pg 600 S00 pg

500 pg 600 ms | 500 pg 800 ms
500 pg 600 ms | S00 pg 00 ms
Figure 20. Image data of 2-steB-actin real-time PCR. The amplification of 500 pg input DNA starting
material was used in a 2-step PCR protocol amplifya 297 bp fragment of the hum@sactin gene. Pictures
were taken at the end of the combined annealingisidn steps at 60°C at an exposure time of 600ARd3.
The summarized picture alignment shows the increafieorescence intensity over cycling times, tale the
end of each PCR cycle. Pictures of every fifth eyalit of 40 cycles in total are showi). The graph of the RT-
PCR reaction is shown, which was plotted by theMlBWWV-based software according to the measured sadtie

each cycle. The graph displayed very fluctuatinyies up to 0.4 of mean light intensity, while ohigrdly an
increase in fluorescence intensity values coulddtected.
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Figure 21. Image data of 2-step amelogenin real-timPCR. The amplification of 500 pg input DNA target
material was used in a 2-step protocol amplifyif§/112 bp fragments of the human amelogenin gentures
were taken at the end of the combined annealingsidn steps at 55°C at an exposure time of 600ARY.
Aligned pictures show the increase in fluoresceintensity over cycling times, taken at the end afle PCR
cycle. Pictures of every fifth cycle out of 35 a3glin total are shownl) PAAGE image data of amplified
amelogenin PCR products. Either there were poshianeds detectable after real-time PCR performetd @@
chips (lanes 5-8), or there were no bands detectabthe gel for real-time PCR performed on LOGsl{lanes
1-4). M = Molecular length standard (ReddyRun Slauketer-low 100 bp ladder, Thermo Scientific, ABgene
Epsom, Surrey, UK). Lane 1: 500 pg on LOC chipgg@+3: 500 pg on multi LV-PCR microdevice (positiv
controls); lane 4: negative control on multi LV-PQ@Rcrodevice. Lane 5: 500 pg on LOC chip; lanes:6+7
500 pg on multi LV-PCR microdevice (positive comgdo lane 8: negative control on multi LV-PCR
microdevice.K) The graph of the RT-PCR reaction is shown, whidcs wlotted by the LabVIEW-based
software according to the measured values at eath.cThe graph displayed a plane run, with reidjiwstable
values around zero mean light intensity, whilemzréase in fluorescence intensity values coulddteatied.
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In figure 22 the amplification of amelogenin fragments usingdLinput DNA in a 3-step
PCR procedure is presented. Pictures were takesat after the annealing step as well as at
72°C after the extension step for validation ofoflescence intensities compared to 2-step
procedures. Thereby, the duration of the annealieg was chosen that long as performed in
2-step PCR, where annealing and extension times e@mbined in one step. At 55°C, the
rising of fluorescence intensity could be detecedtinuously by the software. At 72°C, there
could no increase in fluorescence intensity beaete A graph counting measured values for
55°C and 72°C directly afterwards was plotted by sloftware fijgure 22 V). Comparable
results were obtained when 500 pg or 100 pg indwA@vas used. In subsequent PAAGE
application, no amplified products could be detécie gel data at all.
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Figure 22. Image data of 3-step amelogenin real-tienPCR. The amplification of 1 ng input DNA target
material was used in a 3-step protocol amplifyif§/112 bp fragments of the human amelogenin genturEs
were taken at the end of annealing steps at 55°@e#isas at the end of extension steps at 72°Gyguan
exposure time of 1000 mA-K) Aligned pictures show the increase in fluorescentansity over cycling times,
taken at the end of each annealing step at 55%ures of every fifth cycle out of 45 cycles inabare shown.
L-U) The picture alignment shows the increase in flsceace intensity over cycling times, taken at the af
each extension step at 72°C. Pictures of everly fiftcle out of 45 cycles in total are showf). Graphical
illustration of measured fluorescence intensitiesrd) 3-step amelogenin real-time PCR. The grapthefRT-
PCR reaction is shown, which was plotted by theMl&bW-based software according to the measured sadtie
55°C and subsequently 72°C during each cycle otytdes in total. The graph displayed a plane ruith w
relatively stable values around zero mean ligtgrisity, while no increase in fluorescence intengilyes could
be detected. Even fluctuations between values medisu 55°C and those measured at 72°C were dlestras
tiniest differences in fluorescence intensity, disdy not matching the pictured fluorescence isites
recorded at these temperatures.
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Graphical images plotted by the LabVIEW-based saféwvalways showed unordinary
characteristics. Graphs were never increasing, rneaehed a plateau phase. Graphs were
very inconsistent as either some kind of “mountaimge”-like run was displayed with values
fluctuating up and downfigure 20) or a quite plane distribution of fluorescenceeirgity
values figure 21 andfigure 22). Thus, measured values plotted by the softwane wiet
reliable at all, and just showed some measurementcuracies instead of a real graph
following the principle of real-time PCR. Definitgl there were some cumulative
fluorescence signals pictured from the beginnintheoend of real-time PCR cycling, but the
values of those signals did not conform to the atiaristics of a real-time PCR curve.
Generally, during a successful experiment, theaigarves away from the plateau of the
background at a certain cycle number and increastissaturation is reached. The start point
of the signal change depends on the template ctnatien. Such a value distribution could
never be reached for the real-time PCR experinmgrfermed with the Fluorescence Reader.
The recorded fluorescence intensities in the grdigdhdefinitely not fit to the amount of
amplified products. As shown figure 21, there was a strong band for amelogenin fragments
detectable via PAAGE, and there must have beenramgstincrease detectable via the
software-plotted graphical illustration. Howevdrete was no increase detectable as the graph
just showed a plane run without rising signals. &bmer, the expected really big increase in
fluorescence especially at the end of the PCRdachiing saturation was totally missing even
when a huge amount of 45 cycles of PCR was perfoifigure 20 andfigure 22).

Additionally, pictures of increasing fluorescenogéensities did not always match the results
when detecting amplified PCR products via PAAGEIl@pgion. Gel images showed quite
inconsistent amplification products. For instanicepne approach there were clear positive
amplification bands detectable on a polyacrylamgdé¢ after real-time PCR, indicating a
successful PCR performance, while in another agbroa bands could be detected after real-
time PCR. However, in fluorescence pictures of doieg real-time PCR, both approaches
showed quite the same increasing fluorescencesitiesy which in the end accounted for an
unreliable performance of the total Fluorescencad@e devicefigure 20 andfigure 21).
The same phenomenon was observed when 3-step PERevimrmed and fluorescence
signals were recorded by the software, but no diogtion bands could be detected via
PAAGE afterwards to verify the authenticity of fhescence signals via detection of
amplified productsf{gure 22). As the recorded fluorescence intensity was abagyite the
same in pictures taken at 55°C and almost invisablpictures taken at 72°C, no matter if

there was a band detectable on the PAAGE gel grwet a clear evidence, that the whole
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Fluorescence Reader setup needed really to be inpimThere were some discrepancies
supposed to be in the total setup, which are de=giin the following.

First, the utilized filter set was supposed to benshow suboptimal for SYBR Green |
applications and needed to be optimized. The chbkenset indeed covered the excitation
and emission spectrum of SYBR Green |. For thetation a range from 464 — 500 nm was
provided by the filter ET482/36, while the excitatimaximum of the filter lied at 482 nm.
The excitation maximum of SYBR Green |, howeveratisund 498 nm, thus just within the
range of the filter, but clearly too far away frais maximum. This could have led to losses in
excitation power and thus could have shrinked tt@taion signal from the beginning on.
Comparably, the emission filter ET536/40 provide@age between 515 — 556 nm, having its
maximum at 536 nm, while the emission maximum oB&YGreen | is around 521 nm, thus
as well within the range but far aside the maximdinus, both filters were not optimally
suited for the SYBR Green | dye. However, accordmthe manufacturer, these filters were
capable of not loosing fluorescence intensity wittiieir range, so that at the marginal filter
range still a signal with sufficient intensity isaranteed to be generated. Ordered filters were
considered having a wide bandwidth, serving alntlesir whole range. However, as tested
several times, there might definitively had beeloss in fluorescence intensity, which was
more important than expected and made the deteofidluorescence signals during PCR
quite hard.

Second, the interaction of trigger signals, sofavand LED control was supposed to be
somehow deranged and not perfectly coordinatedteracting timings. Maybe the cross-talk
between the software, the trigger and the camesaaffacted.

Third, the values for fluorescence intensities rded by the software during RT-PCR were
subjected to a deficient calculation as those altlid not really match the pictures. Similar
values were e.g. given for fluorescence intensitiaen 10 ng standard DNA was measured
and was compared to maybe 500 pg afterwards. Indiepé of utilized amounts of DNA, the
values for fluorescence intensity were always gthite same and were fluctuating around
zero. Thus, values were believed to count anythétgpe, but no usable fluorescence
intensities. Graphical illustrations plotted by tkeftware according to those values were
always far away from an authentic real-time PCR/ewghowing the characteristic curvature.
The software also included a function of generapiragessed images that the actual picture is
going to be subtracted from the previous one. Matifiee software did some strange
calculation in behind and gave values counted fageproducible calculations. This value

data definitely needed to be optimized.
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Forth, the area on the chip surface, where theimg@atas taken, was maybe chosen too large
and too wide. Actual, just almost the whole chipfate was focused and recorded when
pictures were taken, showing a large dark areaniggust a small fluorescent droplet in the
middle. Maybe this large black background was #wson, that measured values arranged
always around zero as small changes in fluorescabeesity could only hardly be detected.
An additional refinement of the picture taking ameauld definitely improve measurements,
even if this could not explain the strange valued the missing increase in fluorescence
intensity.

Fifth, special software was utilized to validate ffuorescence intensities of taken pictures,
integrating the fluorescence intensity over eackelpof the fluorescing droplet sphere.
Integrated pixel intensities were combined to altiiorescing droplet, and this was done for
the fluorescence intensity picture of each PCRecyelowever, even this software did not
generate an authentic real-time PCR curve accorthegcalculations. The graph looked
similar to the one generated by the LabVIEW-baseftwsre. Thus, something must be
wrong in the total setup of picture taking. Thelgems could not be attributed to the PCR
mix, as there were products detectable on the poliamide gel. It was not a problem of the
fluorescence dye, as reactions performed in a cuioral real-time PCR cycler (Stratagene
Mx 3000P) worked perfectly well. Problems were dae to the utilized CCD camera, as it
worked always brilliant when used at the opticakted microscope. Additionally, it was not
a problem of the LED, as light was emitted at tberect time points at the end of a PCR
cycle. Additionally, the camera, the software, theD and the trigger were somehow
working well when used individually, but togethbetwhole setup did not match and was not
sensitive enough to be used for valuable and mogioitantly reliable real-time PCR
performances on the LOC.

Finally, as the software was just written for takipictures of fluorescence, the analysis of
fluorescence results was not reliable at all. @afly, the software was written for a
prototype application of real-time PCR using th®N# intercalating dye SYBR Green |.
Generally, when SYBR Green | is used for the ontlatection of the DNA amplification, no
specific information about the kind of dsDNA in thkelution is given. As this dye binds to
specific PCR products as well as to unspecific ptlese was no possibility included in the
software to differentiate between real positive duct and false positive products or
unspecific side products, as any amplified produéitiorescence was detected. Thus, the
software needed an additional update implementisigbaequent melting curve analysis after

real-time PCR performance to determine the spégificd PCR products using SYBR Green |
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(Fixman M and Freire JJ, 1977; Rutledge RG, 20@4)ch is performed by conventional
real-time PCR cyclers as well. It is the standardcedure and the method of choice to
identify the desired product, capturing the traosittemperature from ssDNA to dsDNA,
which is dependent on the length and sequenceeoptbduct. As this step is completely
missing in our system of RT-PCR performance théesysould not really be validated.
However, with a few improvements the system cowddnitade competitive to fluorescence
readers like reported and shown by Guttenbeaty&. (2005) and Novak let al. (2007) for
microdevice applications. Guttenbergizal. (2005) provided an elegant solution, indeed, but
this device was fixed to just one part of the chipwas a fluorescence detection device,
which was integrated into the fabrication of thepchnd thus was fixed in application, not
separable from the PCR device and just one speai@ of the chip surface could be
analyzed. Our Fluorescence Reader, in comparisdree of focusing a sample anywhere on
the chip surface due to a very flexible modularglesAdditionally, our device can easily be
extended to an approach using several kinds ddrfiftets, analyzing various kinds of

fluorescence signals and thus various kinds oérbfiitly labeled PCR products.

4.5 Viability of microarray hybridization

Besides the detection of PCR products directlynenchip surface via real-time PCR, on-chip
LV-PCR was also combined with a kind of microarfay on-chip hybridization. Thus, the
feasibility of microarray applications on the lab-a-chip was evaluated. Arrayed on-chip
hybridization was performed by hybridization ofdhescently labeled primer specific PCR
products to complementary probes predefined on Ht@C chip surface. On-chip
hybridization arrays were designed for gender datetion of sample material via amplified
gene amelogenin, as used in forensics researchlof§eren is generally used as gender
determining gene, as its genetic sequence is ldbcate the X- as well as on the Y-
chromosome, while having particular sequence ditamities, which can be detected due to
varying length of PCR products. The most commordgduPCR primer set for amplifying
amelogenin fragments spans a region encompasstdm difference AAAGTG between
male and females, thus generating 106/112 bp fratgria male and 106 bp fragments in
female individualsf{gure 23).

81



4. Technical Evaluation of the Lab-on-a-chip System

chrX_ 11224915+11225020 CCCTGGGCTCTGTAAAGAATAGTGTGTTGATTCTTTATCCCAGAT - - - - - 45
chrY 6797888-6797999 ccCTGGGCTCTGTAAAGAATAGTGGGTGGATTCTTCATCCCAAAT@ 50

kkhkhkkdkkdhkhkdhdhkhhhhkdhhhddhd **k *xhkdhkhkd dAkdhdkd *%

chr¥ 11224915+11225020 -GTTTCTCAAGTGGTCCTGATTTTACAGTTCCTACCACCAGCTTCCCAGT 94
chrY 6797888-6797999 EGTTTCTCAAGTGGTCCCAATTTTACAGTTCCTACCATCAGCTTCCCAGT 100

kkdkkhkkkkdkdkkdkhkhkkk khkdhkhkkhkhkdhkhhkhkhkhhdhd Fhkhkdkrkhkhdihi

chrX 11224915+11225020 TTAAGCTCTGAT 106
chrY 6797888-6797999 TTAAGCTCTGAT 112

drkkkkdkkdkkkdhk

Figure 23. Sequence data and sequence BLAST (Badiocal Alignment Search Tool) of amelogenin
fragments. Sequence alignment of amplified X- (106 bp) an@hfemosome (112 bp) specific amelogenin
fragments, showing a 6 bp difference at a particglnomic location within the amelogenin gene sagee
Sequences were taken from the UCSC Genome Browser/fgenome.ucsc.edu). Sequence alignment was
performed at the webpage of the European Bioinftiosidnstitute (www.ebi.ac.uk).

Based on the well-established amelogenin systera BE@et al., 1989; Shadrach Bt al.,
2004), amplification of X- and Y-chromosomal fragme of the amelogenin gene was
performed, which were hybridized to surface-boundbps Amelol(Y) and Amelo3(Y)
matching Y-chromosomal fragments and Amelo2(X) clementary to X-chromosomal
products figure 24). For amplification, purified male and female humgenomic reference

DNA was used.

5'-TGTAAAGAATAGTGGGTGGATTCTTCATCCCAAATAAAGTGGTTTCTCAAGTGGTCCCAATTTTACAGTTCCTA-3’

Hybridization sequence 1 5'-CCCAAATAAAGTGGTTTCTC-3’
Hybridization sequence 2~ 5°-CATCCCAAAT------ GTTTCTCAAG-3"
Hybridization sequence 3 5'-AAAGTGGTTTCTCAAGTGGT-3’

Hybridization probe for sequence 1:  Amelol(Y) 5'-C6-Aminolink-(T);3-GAGAAACCACTITATTTGGG-3’

Hybridization probe for sequence 2: Amelo2(X) 5’-C6-Aminolink-(T);3-CTTGAGAAAC---—-- ATTTGGGATG-3’

Hybridization probe for sequence 3: Amelo3(Y) 5’-C6-Aminolink-(T);3-ACCACTTGAGAAACCACTTT-3

Figure 24. Design of microarray probes Amelol(Y), felo2(X) and Amelo3(Y). The area of interest,
namely the 6 differing base pairs AAAGTG betweenaXd Y-chromosomal sequences, is marked expliiitly
each scheme. Hybridization probe Amelo1(Y) was spana domain of 20 bp hamed “Hybridization seqeenc
1", whereas the sequence of the 6 relevant bas&TCTA for hybridizing to AAAGTG was located directiy
the middle, thus marking a male binding probe. ktlibation probe Amelo2(X) was spanning an area®bf
named “Hybridization sequence 2”, where the 6 @h\bases for hybridization were missing, markirigraale
binding probe. Hybridization probe Amelo3(Y) wasaeping an area of 20 bp named “Hybridization seqeen
3", where the sequence of the 6 relevant bases GAG®r hybridizing to AAAGTG was located at the 8id,
marking a male binding probe.

On a multi LV-PCR microdevice 6 different array igs were spotted comprising not only
single probes Amelol(Y), Amelo2(X), or Amelo3(Y)utbalso combined setups of these
probes in configurations like Amelol(Y)/Amelo2(X),Amelo3(Y)/Amelo2(X) or
Amelol(Y)/Amelo3(Y) figure 25).
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Figure 25. Amelogenin-based microarray data of thenulti LV-PCR microdevice. Rows 1-12 were divided
into 6 array fields, each comprising various corakibons of hybridization probes. Probe names weoetshed
in the scheme for better overview, while “Am” wasvays short for “Amelo”, displaying Am1(Y) for preb
Amelol(Y), Am2(X) for probe Amelo2(X) and Am3(Y) fgprobe Amelo3(Y). Constantly, line A contained
male input DNA in amplification reactions, whil@é B contained female input DNA and line C and [DiMA,
serving as negative controls.

As can be seen in figure 25, on-chip hybridizatadter PCR worked quite well for the
established amelogenin system. The various arraigike showed quite interpretable results
of the different array designs. Negative controésevnegative at all times, thus contaminating
effects could be excluded. Array Amelol(Y) showegipve signals for male DNA in line A,
as well as for female DNA in line B, but signalslime B were slightly weaker than those in
line A. Normally, there was no direct binding exyset for female PCR products to male
probe Amelol(Y). This indefinite and ambiguous sigrfor probe Amelol(Y) was
inapplicable for an analysis differentiating betweawaale and female PCR products. Array
Amelo2(X) showed positive signals for male DNA ind A as well as for female DNA in
line B, with both signals having about the samensity. As X-specific fragments were
expected in male as well as in female PCR produbeses positive hybridization signals
were taken as an internal positive control, shovarsuccessful working performance. Array
Amelo3(Y) showed a stronger positive signal for enBINA in line A, and just a very weak
signal for female DNA in line B. This could be takas a more reliable probe for gender
differentiation compared to probe Amelol1(Y), aseheequence differences between male and
female PCR products revealed clear varying fluegese signals.

The combined array with the Amelol(Y)/Amelo2(X) ags showed no real differences
between male and female hybridization signals. AAkpots of an array showed the same
fluorescence intensity, while probe Amelol(Y) shlibllave given a stronger signal when
male DNA was amplified and hybridized. Hybridizaticesults were quite ambiguous, thus

array design and hybridization conditions needed opémized for a reliable gender
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determining analysis. The combined array with tmeefo3(Y)/Amelo2(X) design showed a
quite good differentiation between male DNA in liAeand female DNA in line B. Male
DNA in rows 7 and 8 showed strong signals for npatgbe Amelo3(Y), and weak signals for
female probe Amelo2(X), while female DNA in thegetrows showed just weak signals for
both probes, Amelo3(Y) and Amelo2(X). These reswitse considered as a promising basis
for a differentiating analysis between male and d&emDNA. However, these two rows
showed just 60% positive results, as row 9 showstl gompletely different results. Here,
male as well as female DNA showed strong signalddmale probe Amelo2(X) and weak
signals for male probe Amelo3(Y). Thus, 30% of ¢éxperiment showed completely different
results. This might be due to the annealing temperaand means, that temperature of
hybridization needs to be optimized. However, thessalts were quite promising, despite
those varying results, as at least 60% of the éxget gave good results with expected
signals for male and female hybridization. The comt array with the
Amelo3(Y)/Amelol(Y) design showed a quite good elifintiation between male DNA in
line A and female DNA in line B. Male DNA in rowslJand 12 showed strong signals for
both male probes Amelo3(Y) as well as Amelol(Y)jlevfemale DNA in these rows showed
just very weak signals. These results could be idermd as a real evidence for a
differentiating analysis between male and femaleADNowever, again, the results of these
two rows showed just 60% positive results, as rdwshowed just completely different
results. Here, male as well as female DNA showazhgtsignals for male probe Amelol1(Y)
and weak signals for male probe Amelo3(Y). Thus%30f the experiment showed
completely different results. This might again beedo the annealing temperature, and
means, that temperature of hybridization needstogiimized. However, these results were
quite promising, despite those varying resultsataeast 60% of the experiment gave good
results with expected signals for male and femgleitization products. Finally, considering
probe combinations, combined designs Amelol1(Y)/A2eX) and Amelo3(Y)/Amelo2(X)
were detected as the most reliable ones for apigican the multi-LV-PCR microdevice.
According to results of the multi LV-PCR microdesjcon LOC chips 2 different array
designs were spotted on reaction center B compgrisombined configurations of probes
Amelol(Y)/Amelo2(X) and Amelo3(Y)/Amelo2(X)figure 26). Results of hybridization
events of amplified male and female PCR produ@sammarized ifigure 27.
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Array 1 /; 0\ /uu\
[ Amelo2(X) / Ameloi(Y) \ﬁo[/ i \* “;[/ 0
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Amelo3(Y) / Amelo2(X) \ / \ /

Figure 26. Array designs for microarray application on LOC chips. Array designs were spotted on reaction
center B. Combined array designs are shown, comgriboth probes for X-chromosomal as well as Y-
chromosomal amelogenin PCR product hybridizatiomb® names were shortened in the scheme for better
overview, while “1, 2 and 3" were short for prob&melol(Y), Amelo2(X) and Amelo3(Y). Letters “X” and
“Y” in the right scheme just simplify the particulaybridization pattern provided by the three pmbe

00

Figure 27. Amelogenin-based microarray data of LOCchips. A) Original, unhybridized microscopy image
of a probe array spotted on reaction center B b®@& chip.B) Hybridization signals of 100 pg amplified male
sample on array design Amelo2(X)/Amelo1(0) Hybridization signals of 100 pg amplified fematnyple on
array design Amelo2(X)/Amelo1(YP) Hybridization signals of 100 pg amplified male sd&non array design
Amelo3(Y)/Amelo2(X). E) Hybridization signals of 100 pg amplified femalangple on array design
Amelo3(Y)/Amelo2(X).

On-chip hybridization on LOC chips could succedgfube performed and different

hybridization pattern could clearly be detectedoading to the gender of amplified male or
female sample material. Male samples showed sfitaogescence signals when amplified Y-
chromosomal amelogenin products were hybridizegraibbes Amelol(Y) and Amelo3(Y).

Female samples never showed a strong fluorescenceale determining probes Amelo1(Y)
and Amelo3(Y). Amplified X-chromosomal fragments mohle and female samples showed
consistently homogenous fluorescence signals witnsities below those of Y-chromosomal
fragments. On LOC chips, for both array designdearcdifferentiation between male and

female sample products could successfully be dedect

On-chip hybridization was performed on a multi LR microdevice as well as on LOC
chips, while applications on LOC chips generatedameliable results. On the multi LV-PCR
microdevice, hybridization signals within a singleobe were quite inconsistent despite an
analogous performance. And in combined array dssiorescence signal intensities could
not reliably been attributed to successful hybation events, as e.g. female samples showed
fluorescence signals for male probes Amelol(Y) amefo3(Y). In contrast, on-chip
hybridization performed on LOC chips revealed alisdy reliable signals, contributing to a
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well-defined gender determination between male fanthle samples. Hybridization on the
chip worked reproducible with low background fluezence and high specificity to clearly
detect bp differences via varied fluorescence gitess between a male and a female sample.
Solely, the Fluorescence Reader setup needed tptbrized, to get usable for microarray
applications. However, successful on-chip hybritiera validated the lab-on-a-chip for
further array-based applications, like e.g. thosggomed by Guttenberg £ al. (2005),
where a single bp deletion was detected betweadtywi and mutant DNA via a simple on-
chip microarray application. Furthermore, a sudtgsmicroarray performance further
featured the lab-on-a-chip for combining PCR analygith a highly sensitive downstream
product detection application, representing a beg soward the envisioned automation of all

steps from sample extraction to final product d&egyerformed on just one single chip.

4.6 Operability of solid phase amplification

Besides conventional on-chip amplification in condtion with on-chip hybridization, as just
described in the previous microarray-related chra@e extended and more sophisticated
array application was performed on the surface ©CCLchips. Solid phase amplification
(SPA), also known as “bridge amplification” is bdsen the principle of performing a local
PCR via surface-bound primers. Four amplificatipots were spotted on the chip surface,
locally defined and arranged in a 2x2 array-likeigure, while each spot was loaded with a
different kind of primer-pair figure 28). Thus, the feasibility of locally performed PCR
applications on the lab-on-a-chip was evaluated.

Array design / 5 \ / \
£ & (VAT
20} [500 pm el [500 um
[rwase 1=Y=DYS392 \ / \ /
e (Y-chromosomal marker)
WT]A 7 oy ] 2= X = DXS10134 Chip surlace: standard upside view side
oo | I8 B |s00.m T . 5
) B / I (X-chromosomal marker) i
3 = A = Amelogenin /:H}.\ /:'U!\
[z00 (human positive control) © & |500 pm o | 500 pm

L83 (VEA
4 = N = negative control \ / \ /

Chip surface: inverted upside-down microscopic view side

Figure 28. Design of the primer array for performing solid phase amplification.The scheme shows the four
array spots, comprising each a different primer-fai providing simultaneous local PCR amplificatiof four
different PCR products. Primer-pairs were immobilizn a plane chip surface and covered by the saeseer
mix in a 1 pl total reaction volume droplet. Spawds loaded with primers amplifying the Y-chromosd@TR
marker DYS392, while spot 2 and 3 served as peasitintrols, amplifying the X-chromosomal STR marker
DXS10134 as well as fragments of the amelogenire g€&he forth spot served as negative control cointgia
pair of forward primers, thus eliminating a bridgased amplification due to non-matching of amgilifie
sequences.
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Four primer pairs were spotted on distinct, sepasatay spots, while forward and reverse
primers were spotted simultaneously and equallcentrated into single spots. Just 1 ul of
PCR reaction mix was used to serve all 4 primetsspith reagents necessary for performing
SYBR Green I|-based real-time PCR, thus enablingfférdnt amplification reactions at a
time to take place in just 1 droplet. Again, theaged layout of on-chip SPA amplification
was designed for forensic relevant determinatiah differentiation of male and female PCR
products, when binding to and amplified by the appate XY-specific primer-pair. LOC
chips with spotted SPA array were applied on mal@ f#fmale human genomic reference
DNA. Results of solid phase amplification reactiomere summarized ifigure 29. Solid
phase amplification as well as various amplificatiannealing and hybridization procedures,
including combined and separated “interfacial afigaltiion” and “surface amplification” was
tested on several LOC chipgAAps, Ax; and Ap.

Using spotted LOC chip A (figure 29 A-C), a 2-step SPA PCR with 1 ng of female
reference input DNA was carried out. Due to thedkmature of the DNA, two fluorescent
signal spots were expected. As can be sedigume 29 C, there were 4 fluorescent spots
detectable, indicating a totally wrong array resdibwever, due to the geometry of the array
(figure 29 A), at least 2 fluorescent signal spots out of tiHfese fluorescent spots did not
match the pattern. Spot arrangement was somehowofoatignment. The most possible
authentic spots seemed to be the upper one anoutbe right one. These were supposed to
represent spots for the locus DXS10134 and Ameiagand thus the right and expected loci
for a female sample. But there were a lot of noecHjr fluorescent spots detectable outside
the array area as welfiqure 29 B), so the result of the array area still remainedteq
unreliable.

Using spotted LOC chip A (figure 29 D-F), the same SPA PCR procedure as applied on
chip A2 was performed, using 1 ng of female referencetilidA, intended to repeat the
previous experiment and to confirm the detectedlte8gain, due to the female input DNA,
just two fluorescent spots were expected. As caselem infigure 29 F, there were just two
fluorescent spots detectable, one in the uppeatett and one in the lower right area. Again,
both spots seemed to present the expected reatlthdse spots did definitely not match to
the quadratic geometry of the array and seemed lmmedisplaced figure 29 D).
Additionally, after washing steps there were adbprecipitates detected present on the chip
surface figure 29 E), which could have influenced the amplificatiomegon and led to non-

working reactions on the right array positions.
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Using spotted LOC chip A (figure 29 G-J), a 2-step SPA PCR with 1 ng of male reference
input DNA was carried out. Due to the male naturthe DNA, three fluorescent signal spots
were expected. As can be seerfigure 29 J, there were just 2 fluorescent spots detectable.
However, due to the geometry of the arrigure 29 G), these 2 fluorescent signal spots did
not match the pattern at all. Spots were detedtesk¢o the borders of the reaction center and
were arranged in a non-square manner. The mosibpossithentic spot seemed to be either
the upper one or the outer right one. These weppagaed to represent spots for the locus
DXS10134 or Amelogenin, and thus the right and etgkloci for a male sample. But still,
the third male spot for the DYS392 locus was mgsimich should be located in the lower
left area, thus all three spots forming an “L"-likkape. However, no such pattern could be
detected at all, and it was very questionablenyf @f these two spots represented an authentic
signal. There were a lot of precipitates presetardhe PCRf{gure 29 H) and a lot of non-
specific fluorescent spots detectable outside theeyarea as welfigure 29 J), so the result

of the array area still remained quite unrelialvld guestionable.

As those normal solid phase amplification reactiditsnot turn out the expected results, or
reliable results at all, another approach was dedtestead of human genomic input DNA,
preamplified PCR products were used to enhancestdmting amount of input DNA, thus
facilitating more interfacial amplification reactis to take place on the chip surface. For
amplification, a combined 3-step PCR procedure agdied encompassing a) a SPA PCR
with preamplified PCR products, followed by b) acton where just PCR master mix was
applied, to enhance surface amplification, andllfing a hybridization of preamplified PCR
products, to cover single amplified strands boumdhe surface but having failed to form
bridges. The combined setup was tested on used éipand A, but did not bring an
optimized result compared to conventional SPA PG@&Ropmed previously. No male or
female specific fluorescence pattern could be dedeon these chips. Combined PCR
reactions with preamplified PCR products were reggbavith chip A; (figure 29 K-O). As

the master mix contained male and female speciR Products, a male result was expected,
showing an “L”-like pattern. After reactions, theneere a lot of precipitates visible on the
chip surface flgure 29 L), while fluorescence detection revealed four fasment signals
(figure 29 M). The signals, however, showed no quadraticahgaaent and did not match
the square-like pattern of the spotted array af(fure 29 K). Even after an additional
washing procedure, there was still some precipiatiisible on the surfacdigure 29 N),
which, however, did not improve fluorescence signatbut igure 29 O). Thus, even these

combined PCR procedures did not reveal a succgssfidrmance.
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Figure 29. Image data of solid phase amplificationAmelogenin, X-chromosomal and Y-chromosomal
fragments were amplified from male and female humgamomic reference DNA in SYBR Green I-based SPA
reactions. Array spots comprised each a diametaboiit 100-150 um and were spotted within the hyliliz
area of 500 um of reaction spot B (marked by redves). Spotted 2x2 primer arrays were pictured teefse
via stereo microscope (A, D, G, K, B3:C) SPA array chip A;,. Images of fluorescence signals taken after
SPA PCR using the Fluorescence Reader (B) or tlwrefcence microscope (@)-F) SPA array chip Ags.
Image of precipitates visible on the chip surfatteraSPA PCR (E). Image of fluorescence signals G=))
SPA array chip A,;. Image of precipitates visible on the chip surfafter SPA PCR (H). Image of fluorescence
signals (J)K-O) SPA array chip Aq:. Images of precipitates visible on the chip surfafter SPA PCR (L) and
hybridization (N). Images of fluorescence signaleeh after SPA PCR (M) or hybridization (®). SPA array
chip A11. The array structure of this chip was analyzecdat@amic force microscopy prior to usfg(re 30).
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After SPA, reaction mixes were also applied to PAAGo check for the presence of PCR
products. Those could have been generated vialastgmrimers in the reaction solution that
could also have destroyed a working SPA performanrimvever, no PCR products were
detected on polyacrylamide gels, accounting fdahle coupling of primers to surfaces.

To check for a proper structure of array spotsjdessusing a stereomicroscope for optical
detection, atomic force microscopy was applied teea and unused LOC chip, A Atomic
force microscopy (AFM) is a technique for mappihg aitomic-scale topography of a sample
surface by means of the repulsive electronic foloesveen the surface and the tip of a
microscopic probe moving above the surface. AFMgimg was done and supported by D.
Adiguzel (research participate), and images werdlki provided. An AFM image of a
possible spot of the 2x2 spot array, located indiygposed area of reaction center B, was
generatedfigure 30). It comprised a spot size of about 100 um in @mwith a height of
about 6.5 pm, but revealed a strange shape of fag sapot. The spot height was not
distributed equally throughout the spot size, lmuld only be measured in an area within the
diameter, where the spotting solution was conctedravhile the rest of the spot area was

plane.
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Figure 30. Image data of atomic force microscopy gpied to a single array spot.A) The AFM image
represented the shape, size and structure of abfmspot of the 2x2 spotted primer array, locaitedhe
supposed area of reaction center B on LOC cldp£ross section of the pictured spot revealed avadtn of
about 6.5 pum, which is about 70 um in length, wttile whole spot was supposed to be 100 pm in d&amet

Despite the strange shape of the array spot ddte@eAFM, the measured spot diameter of
about 100 um fitted perfectly well with the suppbsetal size of this array. According to the
spotting protocol of the company, which performée spotting (Advalytix AG/Beckman
Coulter Biomedical GmbH, Munich, Germany), spotksizas supposed to be between 100-
150 um, while spot-spot distance was fixed to 160ip both dimensions. Thus, a total array
diameter of about 400-500 pm was spotted, fittiegfgrtly well within the hydrophilic
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reaction center on reaction spot B, comprisingaangiter of about 500 um. However, due to
the strange shape of the spot, it seemed likeeasghbtting solution has somehow contracted
after the spotting process, as it comprised justraa of 70 um in length while a wide area of
originally about 100 um in diameter was indicatedtioe surface through the remainings of
spotting solution. This shrinking could be an erplégon why hybridization and solid phase
amplification did not work well, as probably theactive site, the primers on the surface,
could not be contacted properly by the target DNAteral, as they were somehow
condensed. For further application, the spottingcess as well as the interplay of spotting
solution with LOC chip surface must be checkeddptimization. Additionally, concerning
the precipitations after PCR performance, the adgon between spotting solution as well as
PCR reaction mix must be improved in a way that thpasaltless aqueous solutions were
utilized to eliminate precipitations.

Besides the accumulated structure of the surfacthefarray spot, a general problem of
performing SPA on LOC chip surface could have liderdesign of the array. Due to spotted
primer-pairs, the amplification products for thelen@TR locus DYS392 were supposed to be
290-323 bp, for the STR locus DXS10134 240-291rapfar amelogenin 106 bp and 112 bp.
Product lengths of STR loci were amongst the longssd for DNA profiling applications on
sex chromosomes (www.chrx-str.org; www.yhrd.orgd amsed as standard STR loci in
forensic DNA profiling kits worldwide. However, psibly the PCR products generated by
STR loci as well as amelogenin were chosen tootshimat thus no “bridge-building” via
surface amplification was possible in solid phaspldication reactions, but only interfacial
amplification to surface bound primers. Comparedh® literature, in successful SPA only
quite long PCR products of about 427 bp (Fedurcet lél., 2006), 545 bp (Bing DHit al.,
1996), or 666 bp and 800 bp (AdesseiCal., 2000) were reported to having been applied.
Additionally, SPA reactions were performed in réattvolumes of 25-100 pl in total, while
either plasmid DNA (Nickisch-Rosenegk Bl al., 2005) or preamplified DNA fragments
were used (Bing DHt al., 1996; Adessi Gt al., 2000). The products used for LOC chip
SPA comprised just about 300 bp in maximum, andtieas were performed in just 1 ul total
reaction volume using human genomic DNA, which Im@wver been reported for SPA
application before. Maybe a possible solution calkb be the use of labeled primers, like
used for microarrays, which are going to be spattedhe surface. To attribute difficulties to
input DNA, primers, chip surface, reaction volumegster mix, failing interfacial or surface
amplification, and to definitely judge on a sucdekwsorking performance of SPA on LOC

chips, applications according to cited articlesaemo be tested on LOC chips.
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5. Applications of the Lab-on-a-chip System in Fansic Sciences

The developed lab-on-a-chip system (LOC) incormmtaseveral working units that were
combined to one total system in a modular way. uthe unique flexible character of the
open, planar lab-on-a-chip system, it providedqgaklifications being used as a stand-alone
enabling technique for applications in various dglof molecular biological diagnostics.
Based on the characterization and validation ofatbeking performance and the efficiency in
low-volume PCR amplification of purified human gemo DNA material, the capability of
the lab-on-a-chip system for applicability on vasoforensically relevant sample materials
was tested.

5.1 Gender determination of human intestine, mammand bladder tissue

In forensic pathology, pieces of internal softdiss are generally used to yield information
about sex, age, and medical conditions of the i&tspdesample material. Thereby, the
separation of various cell types and extractiordisfinct cell clusters is most important in
forensic analysis to guarantee for a detailed,iBe@sand reliable analysis. The introduction
of laser-based microdissection techniques in tieisl fof research has greatly improved the
capability to select distinct areas of interest@usurrounding tissue material, while reducing
the risk of any cross-contamination. The use ofrasicopic instrumentation supported by a
focused laser beam provides an elegant solutiordifect visualization and dissection of
defined cells and tissue sections out of microscolpect slides (Schitze K and Lahr G,
1998). In the field of forensic medicine, laser rodissection has been reported e.g. for
isolation of sperm cells and dissection of tissetiens (Elliott Ket al., 2003; Sanders Cd&

al., 2006; Bauer Met al., 2002; Di Martino Det al., 2004 (a)) as well as on cells isolated
from single hair follicles (Di Martino &t al., 2004 (b)) which have successfully been typed
by STR profiling. Thus, sensitive material ampkfion methods are necessary as well to
generate reliable PCR products from that very fewaant of individual cell material.

An enhancement of short tandem repeat (STR) asabemsitivity could be achieved by
downscaling reaction volumes, as was shown setiarat on chemically structured slides to
have improved genotyping success (ProffetCal., 2006; Schmidt Uet al., 2006; Lutz-
Bonengel St al., 2007; Schmidt Wt al., 2008). For instance, complete STR profiles fiasn
little as 32 pg of genomic DNA have been reporteldemnv performing virtual reaction
chamber-based low-volume PCR on chemically strectwehips (Schmidt Wt al., 2006).
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Thus, linking laser microdissection and low-voluorechip PCR together, as realized on the
lab-on-a-chip, was supposed to be a valuable tooinfost sensitive analysis. Fixed and
paraffin-embedded tissue sample material was apptieLV-PCR after microdissection to
validate the applicability of the LOC system to urified sample material, as often used in
medical genetic analysis, like e.g. cytogenetiesicer research and forensic pathology. As
most lab-on-a-chip systems were designed for aicgppast minor sample amounts of a
specific type, preferably purified DNA material,reegenetic analysis was performed directly
on tiny tissue particles after laser microdissectigthout DNA extraction.

Laser microdissection was applied to paraffin-endeedtissue pieces, originating from three
different human tissue types, that were intestateedder and mamma tissuéigre 31).

Figure 31. Paraffin-embedded tissue slides comprisj various tissue typesTissues were named tissue 1-8,
while tissue 1 (A), 2 (B), 4 (E), 5 (F), 7 (H) aBdD) originated from intestine tissue, tissue 3 {fGm bladder
tissue and tissue 6 (G) from mamma tissue.

After deparaffinization, small pieces of eight megkhuman soft tissue samples were
successfully isolated via laser microdissectiomg tissue particles of about 500 pum in
diameter were microdissected and were gently segghifaom histological tissue sections.
Using the SPATS device, dissected tissue islete wgtracted out of the surrounding tissue
material via low-pressure supported adsorptiorhto SPATS-related collection grifigure

32 A-C). Tissue particles were transferred horizontaltyl aeleased exactly into a 0.5 pl
droplet of HO, while controlled with pm-precision. Droplets fsample material take-up

were placed directly on chemically defined reacsaes of a multi LV-PCR microdevice or

on reaction center B of LOC chipBgure 32 D). A total of eight different tissue samples,
released in a highly precise manner exactly onéotien sites, was successfully tested for
gender determination using directly LV-PCR analysis primer-specific amelogenin

fragments.
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. =

Figure 32. Workflow of the tissue transfer proceswia low-pressure single particle adsorbing transfer
system.Scale bar in every illustration is about 100 pnLaser microdissection of tissue material and ismta
of a tissue fragment in the range of about 500 puaiameter out of surrounding histological materl Low-
pressure uptake and subsequent transfer of singledissected tissue fragments were visually cdietlovia
adsorption to the collection grid of the SPATS-ethadsorbing head’) The area of tissue fragment extraction
out of surrounding tissue material is shou®). Precisely controlled release of adsorbed sampkerrabwas
performed into a small droplet of 0.5 ul ob® via operated high-pressure impulse. The fluid wksed
directly onto a reaction site of a LV-PCR microdevidefined via a chemically modified surface.

As access to DNA enclosed in the cellular matewals achieved by incorporating an
extended initial heat step in the PCR protocol dell lysis, no additional precedent DNA
purification was necessary. After PAAGE four outegght masked tissue samples turned out
to originate from a male, and the other 50% ofttbsue samples turned out to originate from
a female individualfigure 33 A-C). Intestine tissues 1, 2 and 5 as well as blatidsue 3
showed 106/112 bp male-specific amelogenin amptifim products, while intestine tissues
4, 7 and 8 as well as mamma tissue 6 showed 1G6érbale-specific amelogenin products.
Clear and sharp amplification bands could be detkonh polyacrylamide gels, without any
unspecific or contaminating bands and side prodofd&rger or smaller size being present.

300 bp 300 bp 300 bp
200 bp 200 bp 200 bp
1100 bp 100 bp 100 bp

Figure 33. PAAGE data of LV-PCR amplification applied on eight microdissected human tissue samples.
LV-PCR of amelogenin fragments for sex determimatigpurposes were performed on a multi LV-PCR
microdevice. M: molecular length standard (O’GenleRDNA Ladder, ultra low range, Fermentas, St.n-eo
Rot, Germany).A) Intestine tissue 1 and intestine tissue A.ane 1: tissue 1, showing 106/112 bp male
amelogenin fragments; lane 2: tissue 2, showing1ll@®bp male amelogenin fragments; lanes 3+4: hagat
controls (PCR master mix, B control); lanes 5+6: positive controls (stand2€$/112 bp male and 106 bp
female human genomic reference DNRB). Bladder tissue 3, intestine tissue 4 and integsg tissue 5Lanes
1+2: positive controls (standard 106 bp female &06/112 bp male human genomic reference DNA); &ne
negative control (PCR master mix); lane 4: tissughdwing 106 bp female amelogenin fragments; fanissue

3, showing 106/112 bp male amelogenin fragments & tissue 5, showing 106/112 bp male amelogenin
fragments.C) Mamma tissue 6, intestine tissue 7 and intestingssue 8.Lane 1: tissue 6, showing 106 bp
female amelogenin fragments; lane 2: tissue 7, sigpd06 bp female amelogenin fragments; lane 3atieg
control (PCR master mix); lane 4: tissue 8, showifi§ bp female amelogenin fragments; lanes 5+6tip®s
controls (standard 106 bp female and 106/112 be mamnan genomic reference DNA).
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Tissue experiments for amplifying crude, unpurifiided sample material were also
performed on LOC chips. Sample extraction, tranefedissected tissue particles as well as
LV-PCR amplification was performed in a comparapformance. However, due to the
integrated BioSpotdevice, manual pipetting operations could succéigdie neglected. 1 pl
of master mix for sample material uptake and periog LV-PCR on the chip surface as well
as 5 pl of mineral oil cover solution were providegl means of the automatic dispensing
device BioSpdt. A whole workflow procedure of the lab-on-a-chiyseem could
successfully be run, including microdissection-lbasample isolation, SPATS transfer onto
the LOC chip surface and finally LV-PCRigure 34), while handling of fluids was
completely done using the automatic pipetting fiomst of the BioSpot device. Small
particles of about 600 um in diameter were sucaégshicrodissected out of male intestine
tissue 5 and transferred directly into 1 pl of reashix, which had afore been dispensed on
reaction center B of the LOC chip by using Pipeletof the BioSpdt (figure 34 A-D).
After sample take-up, the master mix droplet caoichediately successfully be covered by
about 5 ul of Sealing Solutiofigure 34 E and F. A proper amount of Sealing Solution was
dispensed by operating PipeJé& of the BioSpot, as this PipeJet was designated for
handling viscous fluids like the mineral oil. Susskil amplification of male specific 106/112
bp fragments of the amelogenin gene could be dtefor tissue 5 via PAAGHigure 34

K).

Figure 34. Workflow of laser microdissection, SPATSransfer and LV-PCR amplification performed on

the lab-on-a-chip.Results were shown for male sample tissue 5, ebegityofor all of eight tissues\) Isolation

of a tissue particle with about 600 um in diametarlaser microdissectio®) Transfer of dissected particle via
low-pressure operated SPATS. The particle was hddoto a sample collection gri@) Control of successful
particle extraction out of surrounding tissu®). Release of tissue particle directly into 1 pl ohster mix,
prepared on the chip surface via BioSpoperated fluid dispensiofE+F) 1 pl of master mix containing tissue
was covered with 5 pl of mineral oil and was thuspared for subsequent PCR analysis. The oil coser
provided via dispensing functions of the BioSpd®) Low-volume PCR performance: image was taken during
the first cycles of PCR via the CCD camera assediatith the Fluorescence ReadkltJ) Images taken
directly after PCR, to control the proper arrangenué particle, master mix and covering &) PAAGE image
data of amplified PCR products. M = molecular léngttandard (Superladder-low 100 bp ladder with
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ReddyRufl, Thermo Scientific, ABgene, Epsom, Surrey, UK)neal: tissue 5, showing 106/112 bp male
amelogenin fragments; lane 2: negative control aitimV-PCR microdevice.

Performing genetic analysis directly from fixed rgféin-embedded tissue material without
preceding DNA purification could successfully béni@ved by LV-PCR application. Genders
of eight different masked human tissue samples wadigbly determined via amplification of
human amelogenin fragments. No matter if LV-PCR vagplied on a multi LV-PCR
microdevice or on LOC chips, clear bands of amguifPCR products could be detected on
polyacrylamide gels. Amplification results of genddetermination were validated with
existing data sets about these samples, providethdynstitute of Pathology (Klinikum
Bogenhausen, Munich, Germany). These data setsrroedf the results obtained in our
laboratory. These successful amplification resaitsounted not only for the successful
application of the LOC modules, but also for sustidslysis of cellular material via an
additional performed heat step, thus making angraali DNA purification and extraction
procedures invalid. However, concerning the resoiitthe LOC-based procedure, the band
representing the larger 112 bp fragment originatnogn the Y-chromosome showed just a
very weak signal compared to the 106 bp band otthaller X-chromosomal fragment. This
might more probably be due to inhomogeneous stgimather than to an imbalanced
amplification performance, thus presented resudts the LOC chip performance could
nevertheless be attributed to a reliable, sensancunambiguous analysis.

However, there was a lot of bubbling observed isteramixes during the initial denaturation
and cell lysis step of the LOC-based PCR performa@enerally, when performing VRC
LV-PCR, causing air bubbles was avoided duringpiteparation of the master mix solution,
as smallest air bubbles in the agueous master rane Wnown to expand when treated with
heat. In the master mix prepared on the chip serfhere were seemingly a lot of air bubbles
present. The air bubbles leaking from the masterroined the proper arrangement of virtual
reaction chamber PCR, causing the master mix tparate while the oil was bubbling. The
dimension of destroyed reactions was about thréeedureactions out of five. This
phenomenon of bubbling reaction mixes on the LOG cdurface might be due to the
automatic dispensing process performed by the RitSpvhere 5 nl droplets of master mix
were shot onto the chip surface building a dropfet pl after a certain amount of repeats.
When a liquid droplet present on the chip surfaas shot by several tiniest droplets at high
speed, this meant an enormous mixture, stirring agidation inside this droplet. This
extensive actuation was supposed to have genesatatlest invisible bubbles in dispensed
master mix droplets, which might have spread duAGdR performance, when the master mix

was heated to hot temperatures. The same phenonmeammeported and happened, when
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stirring the master mix extensively with a pipey pipetting up and down for mixing
reagents. Thus, the automatic dispension perforendatinitely needed further improvement
to circumvent extensive agitation especially ofemus master mix solutions.

Anyway, several LOC units like e.g. laser microdgson, SPATS transfer, CytoCycler-
based material lysis and amplification as well amg the BioSpot for loading reaction
volumes onto the chip surface, could for a firshei successfully be joined in a whole
interplay. This performance showed a promising fgplication to perform a combined run
of independently operating modules of the lab-ahig- system. Especially the coupling of a
pipetting robot like the BioSpotupgraded the whole performance, as manual sample
handling between single analysis steps could eiredited totally, thus reducing the risk of
introducing external contaminations, which is quibeportant in every field of genetic
analysis. And additionally, the successful matdagalation via laser microdissection, particle
extraction and transfer via SPATS, as well as ssfoé LV-PCR DNA amplification,
represented the applicability of the various LOCduies on forensic or forensic pathological
relevant sample material, either working apart freath other as well as in a combined
performance. No comparable system has been repopdd now, which can fulfill all of
these processing steps on one microfluidic dewand, definitely not with such kind of crude
solid sample material. No comparable system exvgtsch combines laser microdissection
with low-volume PCR, both highly predestined appites, serving the needs of handling
smallest amounts of sample material. Thus, thisolaa-chip system provides highest
potential for becoming integrated and utilized @search areas, where genetic analyses are

dependent on other sample materials than liquid.one

5.2 DNA profiling of whole blood

Microdissected fixed tissue sample material waswshio perform well when directly applied

to LV-PCR genetic analysis. No additional DNA pigdition or preprocessing steps were
needed as cell lysis was achieved by a simple d&tkinitial heat step, to get access to
genetic material. However, there, relevant sampéernal had to be prepared for laser
microdissection purposes and needed to be fixedappiied onto PEN carrier-membrane
mounted object slides. Though, for a real fastsiiee and reliable analysis, a lab-on-a-chip
must be capable of accepting crude, untreatedeatithsample material, solid specimen as

well as liquid ones, like e.g. whole blood.
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Blood samples or traces are excellent evidenced fmwegenetic analysis. PCR is a well
described powerful tool for molecular genetic aseyof blood samples, currently applied for
diagnostic purposes in medical analysis as wedreestry surveys and human identification
in forensics. However, one of the major limitatiomish PCR-based analysis is the sensitivity
of Tag DNA polymerases to inhibitory substances presermtrude specimens such as blood
(Panaccio M and Lew A, 1991; Al-Soud W& al., 1998; Al-Soud WA and Radstrom P,
2000; Kermekchiev MBet al., 2009). Generally, whole blood cannot be useddioect
genetic testing, due to several characterized P@#bitors influencing theTag DNA
polymerase activity. Inhibitory effects were eitlatributed to natural components of blood
like mainly the heme from hemoglobin, lactoferrimmunoglobulin G (IgG), or to added
anticoagulants such as EDTA and heparin. Therefmeplex and extensive DNA
purification procedures are mandatory prior to P@Rgenerate PCR-usable material.
However, generally these additional pretreatmegpsstare time-consuming, labor-intensive,
and may further lead to loss of target nucleic @cidring processing and unlike may remove
inhibitors subtotal. Indeed, there are several nispambout thermal or chemical treatments of
blood sample or PCR mixture prior to PCR to overeopurification procedures and the
inhibitory effects of blood ofag DNA polymerase (Schwartz Et al., 1990; Mercier Bet

al., 1990; McCusker & al., 1992; Burckhardt J, 1994; Park &Jal., 2008). However,
despite these remedies, the application of thigraeezin whole blood amplifications remains
still quite controversial. AmpliTag GotdDNA polymerase, currently the standard enzyme in
several multiplex short tandem repeat (STR) kitsldwaide, was found to be among the most
sensitive to inhibition (Al-Soud WA and Radstrom1®98). This underlines the importance
of meticulous sample handling and DNA purificatimhen using this polymerase in STR
analysis. To overcome all these limitations assediavithTag DNA polymerases, the choice
of using a nonfag DNA polymerase was reported to have a huge impaatesistance to
inhibition. These DNA polymerases were shown toehbess sensitivity to inhibitors, could
tolerate higher concentrations of whole blood (aimaM and Lew A, 1991; Katcher HL and
Schwartz 1, 1994; Wiedbrauk D&t al., 1995; Al-Soud WA and Radstrom P, 1998) and
outperformed AmpliTaq Goltlas recently reported (Hedmastal., 2009).

Besides a good interaction between DNA quality arséd DNA polymerase, a high
sensitivity of analysis is desirable. Enhancemehtsensitivity can to some extend be
achieved by simply reducing the reaction volumeiri€a ML et al., 2002; Kloosterman AD
and Kersbergen P, 2003; LeclaireBal., 2003), as adding less crude target materiaheo t
amplification is proven to improve performancesagye Low-volume PCR (LV-PCR),
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performed in 1 pl total reaction volume, providechanced sensitivity when applied to
commercial multiplex STR assays (Proff € al., 2006; Schmidt Uet al., 2006; Lutz-
Bonengel Set al., 2007; Schmidt Wt al., 2008). For instance, low copy number samples
produced 27% complete allelic profiles in LV-PCRhile in-tube PCR just revealed
incomplete allelic profiles (Schmidt Wt al., 2008). Unfortunately, there, purification

procedures were used prior to typing analysis.

To overcome thes&ag-related problems of inhibition and purificationp#re appropriate,
less-sensitive thermostable ndag DNA polymerase was used for LV-PCR based DNA
profiling directly from whole unpurified blood. Busing a KOD DNA polymerase-based
PCR system, predestined for amplification of credenple material, tube-less low-volume
PCR was performed in extremely small reaction vasrof maximum 1 ul on chemically
structured microdevices. EDTA K treated fresh agddawhole blood samples as well as
time-dependently aged dried blood spots were talsesample material and used for DNA
typing via STR fragment length analysis. No pregiguetreatment or preparation steps were
applied besides dilution. Anticoagulant treatedodlavas directly used for LV-PCR in 10%

or 1% dilutions and dried blood spots were direptigolved and used in 1% dilutions.

Whole blood DNA typing was performed on blood samples with added anticoagulant EDTA

K. Direct DNA STR profiling could be performed repedly successful and reliably in 1 pl
low-volume PCR reactions using as little as 0.loftunpurified blood samples as target
material. A small detail of typing profiles can &een infigure 35. Typing of four individual
blood samples gave reproducible results for 10%velkas 1% reaction batches, showing a
clear effect of decreasing peak intensities withrelasing blood concentrationsgire 35,
vertical black arrows). For instance, here peaknsities of 3000 rfu could be reached for
10% blood samples, while 1% blood samples showstl geak heights of 300 rfu. Peak
heights reached from 2000 to 8000 rfu maximum &@@td 1000 rfu minimum in 10% blood
samples and from 80 to 400 rfu maximum and 50 ®rA® minimum for 1% blood samples.
Fragment peaks were unsoiled, showing no contarmmatofiles and no stutter peaks and
had sufficient heights, indicating values clearlgo@e the general accepted detection
threshold of 50 rfu. An overview of typing resuitsgiven intable 6, displaying averaged
percentages of loci drop out, allelic drop out adlvas complete allelic profiles obtained.
Concerning the 10% blood samples, the rate of cetag@lllelic profiles observed ranged from
83.4% to 89% on average. Regarding the 1% blooglesmthis rate ranged at an average

from 61.2% to 87.6%. Allelic drop out simulating rhozygosity as well as drop out of
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individual STR systems was found randomly distout Although the sensitivity was
enhanced in those 1 pl low-volume PCR reactiongp @t of loci and single alleles were
observed more often in 1% reactions, which proballyurred as a consequence of a higher
dilution factor and thus could be interpreted axlsastic effects due to pipetting of very
small volumes as already reported by KloostermanaABD Kersbergen P (2003).

Table 6. Typing results of 4 individual EDTA K treated blosdmples using LV-PCR. Data analysis of every
single sample was performed in triplicates in twdependent approaches leading to 6 peak profilesgmaple.
Only peak signals above 50 rfu were counted. Thiegp¢ages represented the averaged rate of lopi @l

allelic drop out and of complete allelic profilebtained in samples 1-4 as well as positive contfidsl and
SE-PK-2.

Age of blood | AmpF/STR" SEfilerO kit
sample (11 STR loci + amelogenin)
Material EDTA K treated blood samples; 1 =3 months | Loci Allelic | Complete
2 male (1, 2) and 2 female drop drop allelic
(3, 4) samples 2,3,4= out out profiles
1-3 weeks
PCR-Kits - KOD Xtremé] Hot Start DNA 1-10% 16.6 % - 83.4 %
Polymerase kit 2-10% 13.8 % - 86.2 %
- AmpF/STR’ SEfiled PCR 3-10% 16.6 % - 83.4 %
amplification kit 4-10% 83% | 2.7% 89 %
Preparation | Blood samples of 100% and 10% 1-1% 111% | 1.3% | 87.6%
(diluted with sterile water) 2-1% 83% |83% |834%
3-1% 36.1% | 27% |61.2%
4-1% 11.1% | 55% | 83.4%
Starting 10% or 1% blood in 1 pl reaction mix | PK-1 3.1% - 96.9 %
amount of (= 0.1pl of 100% or 10% blood sample) SE-PK-2 - - 100 %
blood for
PCR

Negative controls were included in every reacti@aich and were consistently negative
(figure 35). Two kinds of positive controls were performedngscontrol DNA. On the one
hand, control DNA was amplified using LV-PCR, th©K Xtremél PCR reaction mix and
the AmpF/STR SEfilerd Primer Set, the same setup as used for whole béamaple
analysis (named PK-1). On the other hand, contfdADvas amplified using a standard
thermocycler and the original AmpF/STREfilerd PCR Reaction Mix, as recommended by
the manufacturer’s kit manual (hamed SE-PK-2). Thise positive control validated results
obtained in the mixed kits’ setup, as using justAmpF/STR SEfilerd Primer Set, without
the recommended PCR system provided with the AMPR/SSEfilerd kit, might have
changed the optimized PCR setup of the kit. Aslmaseen idigure 35, the KOD Xtremel
master mix matched well with the AmpF/STFSEfilerd Primer Set. Clear peaks were
detectable and allelic profiles could be obtainexnf the LV-PCR-based positive controls

PK-1 showing a rate of 96.9% compared to a ratdQfi% of complete allelic profiles,
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obtained with SE-PK-2tgble 6). Slight drop out of loci in PK-1 compared to SE-P could
again be attributed to stochastic effects due petpng of very small volumes (Kloosterman
AD and Kersbergen P, 2003).
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Figure 35. Blood typing allelic profiles of 10% and1% (v/v) EDTA K-treated whole blood samples using
LV-PCR. The figure represents just an except, exempldoityall four individual typing profiles and loci of
samples 1-4. Allelic profiles for the amelogenicus (A...), as well as for 2 STR loci (D8S1179, SE@8)e
shown, derived from two blood samples, a femalenfda 4) and a male (sample 2) one, as well as ivegat
control and two positive controls (PK-1, SE-PK-8amples yielded clear allelic profiles, comprismge peaks
without contamination or stutter peaks and dispigyconcentration dependant peak heights (vertitdkb
arrows). PK-1, showing complete allelic profileslidated that the KOD Xtremé PCR master mix in
combination with the AmpF/STRSEfilerd Primer Set harmonized well. Fragment sizes of Rtothpared to
SE-PK-2 clearly showed the 1 bp-shifting causedising the KOD DNA polymerase (horizontal red arrpws
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The conventionally cycled positive control SE-PKuajng the complete SEfiler PCR setup, produced peaks
matching perfectly with the provided SEfilérAllelic ladder, as AmpliTag GoldDNA polymerase was used.

Besides the described positive profiling resultshas to be noted that the AmpF/STR
SEfilerd Allelic ladder peaks were displaced exactly 1 ®ogdample peaks of LV-PCR-based
analysis figure 35, horizontal red arrows). Allelic ladder peaks jusatched perfectly well
with the positive control SE-PK-2, cycled accorditaqy manufacturer's recommendations
using AmpliTaq Gold DNA polymerase figure 35, horizontal red arrows). This fragment
size shifting was due to the used polymerases. AmglGold' DNA Polymerase, provided
by the kit, catalyzed the addition of a single eatide (predominately adenosine) to the 3’
ends of double-stranded PCR products (Clark JIM8188agnuson VLet al., 1996). This
non-template adenylation was not performed by tli@DKDNA polymerase therefore all
fragment lengths of LV-PCR products, including PKwlere 1 bp shorter. Generating an
appropriate allelic ladder using the KOD DNA polyiasge would solve this discrepancy.

Whole blood DNA typing was performed on dried blood specimens over time without added
anticoagulants. Dried blood spots were resolved in sterile wafegraseveral time intervals
and 1% blood (v/v) was used for DNA typing analyisis total reaction volume of 1 pul, to

check for successful allelic profiling in depended sample agdigure 36). Allelic profiles

were obtained for up to 3 months old blood spots.

Figure 36. Sample preparation and low-volume ampli€ation of dried blood spots (DBS)A) Preparation of
dried blood spots. Fresh blood was spotted in drpghs on a pre-cleaned object slide (76 x 26 mrd)daied at
room temperature. After distinct periods of timenpées were taken: a 1 pl dried blood spot was vesoin
sterile water and 10% blood solutions were thendufe LV-PCR typing analysis, comprising a final
concentration of 1% blood (v/v) present in 1 phtataction mix.B) Low-volume virtual reaction chamber
PCR: 1 pl total blood containing reaction mix (exttlosed solution, 500 um in width) was covered iy of
Sealing Solution (transparent covering oil, 3 mmvidth) to prevent evaporation and external conteatidon as
well as cross-contamination.

The obtained data of sample analysis are summaiiz&ble 7, showing typing results in

averaged percentages grouped into loci drop deticatirop out and complete allelic profiles
obtained. In the “0 min” samples one single locuspded out completely, resulting in 98%
successful typing of untreated fresh blood sam@esple analysis after a drying time from
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30 to 360 min showed quite inconsistent allelickse@t these time intervals allelic profiles
ranged between no allelic profiles at all as wellahuge amount of loci drop out and allelic
drop out, either producing no signals or peaks gdielow the threshold. Here, rates of
successful typing reached from 56.8% to 20.9% arame. In samples dried for 1 day, 2
days, 4 days and 1 week minor fluctuations conogriyping efficiency were detected,
ranging at an average from 90% to 70%, which miggghtiue to a terminated drying process,
while blood components still have unchanged progertHere, a few loci drop out were
observed that were very randomly distributed ovepfathe loci. 2 weeks, 3 weeks and 4
weeks old samples showed consistent marker peabst, stable in appearance and height.
They ranged from 89% to 91.7%, whereas locus drop azcurred preferably in one
particular locus. Concerning the 3 months old sasypihe obtained complete allelic profile
rate was about 85.9% on average. Drop out of silogieor alleles may be due to pipetting
artifacts, as a volume of 0.1 ul blood sample raredom mixture of solid particles like e.qg.
lymphocytes out of the sample, so stochastic effectld be expected (Kloosterman AD and
Kersbergen P, 2003). To obtain statistically rééaiesults, LV-PCR was performed in three-
to sixfold series. In most instances 2-4 completeilps could be obtained, while 1 or 2
samples showed enhanced drop out due to pipettitifacés. Allelic drop out, as a
consequence of a higher dilution factor, was rarigahstributed and not correlated to size of
missing alleles. Thereby, getting usable DNA typprgfiles with clear marker peaks was
successful even after 3 months of storage of driedd spots and DNA remained very stable
in dried blood.

Table 7. Typing results of dried blood spots using low-voRIRPCR. Data analysis of every single time interval
was performed in multiplicates (double to threefnlds) in two independent approaches leading & peak

profiles per time point. Only peak signals aboverfoOwere counted. The percentages representeaviéraged
rate of loci drop out, allelic drop out and of cdetp allelic profiles obtained.

Age of blood | AmpF/STR" SEfilerO kit

sample (11 STR loci + amelogenin)

Material Untreated blood Fresh blood, | Loci Allelic | Complete

(w/o anticoagulants) dried at room | drop drop allelic

temperature | out out profiles

PCR-Kits - KOD Xtremé] Hot Start DNA 0 min 2% - 98 %

Polymerase kit 30 min 416% | 1.6% | 56.8%

- AmpF/STR' SEfilerd PCR 60 min 60 % - 40 %

amplification kit 120 min 61.6 % 1.6 % 36.8 %

360 min 79.1 % - 20.9 %

Preparation | Blood spots of 1 ul dried at RT on glass 1 day 10 % - 90 %

slide; samples taken after time intervals 2 days 152% | 1.3% | 83.5%

of 0, 30, 60, 120 min, 6 h, 24 h, 4 days 20 % - 80 %

2d,4d,7d 2we, 3we, 4 we, 3 months 7 days 30 % - 70 %
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Starting - 1l blood spot dissolved in 2 weeks 8.3% - 91.7%
amount of 10pl HO (10% blood solution) 3 weeks 8.3% - 91.7%
blood for - final 1% blood in 1 pl reaction mix 4 weeks 83% | 2.7% 89 %
PCR (0.1pl of 10% blood spot solution) 3 months 13.3% | 0.8% | 85.9%

Blood DNA profiling analysis of dried blood spoteutd successfully be applied to a multi
LV-PCR microdevice as well as on LOC chips. Resafttoci drop out, allelic drop out and

full allelic profiles obtained were quite compamkdt each distinct time point during 3
months of aging. However, signal intensities oélatl profiles obtained were always stronger
when using a multi LV-PCR device. Peak heights lmedcfrom 120 rfu up to 600 rfu, as

illustrated in allelic profiles of dried blood sgatbtained after 4 weeks of agirigre 37).
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Figure 37. Fragment length analysis of dried bloodpots after 4 weeks of drying using a multi LV-PCR
microdevice. Peak heights reached values clearly above thergBnaccepted threshold of 50 rfu, signaling
authentic marker peaks. Clear marker peaks witbhootaminating effects could be detected. Values26f rfu

at minimum and 600 rfu at maximum were obtaineddfeveeks old dried blood spots, analyzed on a rhifti
PCR microdevice.

Concerning blood samples analyzed on LOC chipsk peaghts were well below the ones
obtained when a multi LV-PCR microdevice was udexemplarily, infigure 38 profiling
peaks from dried blood spots aged for 3 months wikosvn, reaching signal intensities from

20 rfu up to 350 rfu. Despite partly marker pea&kty the accepted threshold of 50 rfu were
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detected, these peaks could clearly be identifeedwthentic and reliable profiling peaks, as
background signals were perfectly low. No interfgriallelic peaks, no competing stutter
peaks and no fluctuating background signal coulldémce a clear data analysis in distorting
authentic signals. Thus, profiling peaks, even whetected below threshold level, could

successfully be applied for an unambiguous valati
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Figure 38. Fragment length analysis of dried bloo@dpots after 3 months of drying analyzed on LOC chip.
Peak heights reached not constantly values cledntye the generally accepted threshold of 50 ifnasing
authentic marker peaks. Values of 20 rfu at minimamd 350 rfu at maximum were obtained for 3 moumtlds
dried blood spots, analyzed on LOC chips. Howesleiar marker peaks without contaminating effeciddde
detected.

A non-inhibitory PCR performance on whole EDTA kdted blood as well as age-
dependent typing of dried blood spots could sudatgde demonstrated. As a KOD DNA
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polymerase operated PCR system was used, predestin@amplification of crude sample
material, allelic profiles could be obtained in dedence of age and alteration of blood spots
during the drying and coagulation process. BloodADiyping was performed in 1 pl total
reaction volume containing only 1% whole blood jvén a chemically structured surface,
using a multi LV-PCR microdevice as well as LOCpshiDue to this one step procedure no
additional purification steps were necessary wi@easing analysis sensitivity by reduced
target material.

As validated inchapter 4.2 again the LV-PCR performance concerning PCR produtput
was more efficient in multi LV-PCR microdevice-bdsamplifications. STR profiling peaks
reached clearly higher signal intensities compai@d. OC chip-based operations. This
phenomenon could again be due to a less optimdPCR setup concerning the contacting of
master mix droplet to surface area, resulting less efficient heat transfer. Despite LOC-
chip-based amplification peaks were partially bebowaccepted 50 rfu-threshold of authentic
peak signals, clear STR profiles could be obtaided to a highly unsoiled background
signal. Authentic peaks could unambiguously be s¢pd from background fluctuations. As
contamination effects could successfully be elinredapeak signals could clearly be detected
and typing results were interpretable at all, theliaability of a lab-on-a-chip based approach
for a sensitive forensic relevant analysis likes ttould definitely be demonstrated. Successful
LV-PCR DNA amplification on whole unpurified bloagpresented the applicability of the
lab-on-a-chip for forensic relevant applicatiorkelie.g. blood DNA profiling. Allelic profiles
were obtained reproducibly and concentration depecids could be detected. A reliable
experimental performance could be noted and savmgime and cost could be highlighted
due to eliminated purification steps prior to PGReparative steps could be neglected, as
only a very small amount of sample material wasdedefor LV-PCR and a special DNA
polymerase was used, which could tolerate inhipieffects better thamaq polymerases.

In conclusion, the use of DNA polymerases resistantPCR-inhibitory components in
combination with the use of appropriate facilitataf analysis efficiency (like LV-PCR),
could, to some extent, eliminate the need for esttenprocessing of blood samples prior to
PCR. Furthermore, the relative concentration of R@fibitors in this low reaction volume, if
present, is probably less critical. As could beorggd in the next applicatiorct{apter 5.3,
LV-PCR is a valuable tool for highly sensitive aysa$ of ancient DNA material (Woide &

al., 2010) as well as single cell analysis (Mayeget\al., 2009), as reported earlier, while
providing reliable contamination free performandesagent-saving LV-PCR also provides

considerable economies. As genetic analysis tremdet smaller-volume, faster, more cost-
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efficient and most sensitive, a contamination-flae-on-a-chip procedure like this might
signify a big benefit. It can be used with commaligi available PCR amplification kits,
allows validation and comparison with existing datts and is capable of being integrated
easily into laboratory routine. Cost-effectivenéssespecially important when using these
costly commercially available PCR amplificationskand most economic when applying the
highly priced and costly multiplex STR DNA profitirkits.

Generally, the applicability of blood on a chip mseto be easier when using a planar open
processing surface, like the virtual reaction chamdoncept. For most cavity- and channel-
based lab-on-a-chip systems it is hard to accemtlevhlood as crude sample material for
analysis, and thus a lot of pre-purification stegse necessary to make blood samples chip-
compatible. Another promising approach for bloodalgsis on a planar chip including
purification, cell separation and PCR amplificati@ras introduced by Pipperefal. (2007).
Superparamagnetic particles were utilized for semdcking and DNA amplification was
performed using virtual reaction chamber low-voluP€R in a clockwork lab-on-a-chip
principle. However, here blood purification wasluded prior to PCR analysis. As shown in
the previous experiments described here, PCR dogiidn on a planar chip can be
performed much easier. When just a small amoumiaxfd is applied to reactions (like e.g.
1% blood (v/v)) and an appropriate DNA polymeraseaused, more resistant to inhibiting
effects related with whole blood, labor-intensiveification procedures can be circumvented

and eliminated, speeding up reaction performances.

5.3 Nanotechnological analysis of ancient bone gise material

The best opportunity to validate the capabilityad?CR system is to test for a highly sensitive
analysis on low-copy number sample material (LOMN)N samples are generally defined as
samples having a very low amount of amplifiable DNWaterial, generally less than 100 pg
like e.g. single cells comprising about 7 pg of DN#get material, as well as samples
containing degraded DNA. DNA degradation meansnfraigtation of DNA strands due to
environmental influences, preparative sample treatrsteps or simply age dependent effects
on the DNA material. LV-PCR analysis was perform@d ancient bone tissue material
originating from Egyptian mummy material. This kind sample material was definitively
expected to be affected by several DNA degradagwents, qualifying it perfectly as
wdifficult-to-analyze" sample material to determitiee potential of LV-PCR for sensitive

analysis on pathological relevant material. Howeuev-PCR analysis was applied on
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purified mummy DNA material after DNA extractionhweh was performed off-chip, due to
complexity of DNA extraction from hard sample méikx like bone tissue.

The study of ancient DNA plays an important roleairthaeological and palaeontological
research as well as in pathology and forensics.ebMoér archaeology, which was first
described in the early eighties, is a particulgrgmising emerging archaeometric discipline
for dealing with molecular biological analyses ainfan remains (Paadbo S, 1985). For
instance, sex determination of human findings asilge be defined using small amounts of
remains such as bones and teeth via i.e. polymetssa reaction (PCR) (Hummel S and
Herrmann B, 1991; Faerman Bkt al., 1995; Faerman Mt al., 1997). For a significant
genetic analysis usually 1 to 2 grams of bone othtonaterial are adequate. This material is
purified and pulverized, and ancient DNA (aDNA}hen chemically extracted. Here, the co-
extraction of humic acids, these are organic comgsuoriginating from the soil, being
present in soil buried bones and teeth, and hatieaggame chemical characteristics as DNA
can cause a problem inhibiting enzymatic reactittes PCR (Goodyear PBt al., 1994).
Various ancient DNA extraction methods are curgemtl use, which rely on different
principles like spin column, alcohol precipitation silica binding. All of these methods aim
to maximize DNA yields, while minimizing the co-eattion of PCR inhibitors. No single
method has been shown to outbalance the otheefdhemo standardized procedure exists so
far.

Microdissection techniques, performed on tissuactires from histological preparations,
enable the precise manipulation and isolation ofefe material in the range of several
micrometers (Greulich KO and Leitz G, 1994; Thalhaen Set al., 2004). These techniques
can be combined with subsequent analysis of DNAthiese microdissectants. Several
dissection techniques such as extraction via glasdle (Weimer ét al., 2001), laser capture
(Simone NLet al., 1998), laser pressure catapulting (Thalhammest &l., 2003), laser
impulse (Kirschner J and Plaschke-Schluetter A,72@0 via gravity effects (Di Martino [t

al., 2004 (a+b)) are commonly in use. Recently, walccintroduce the novel LOC-related
technique based on the combination of laser missasdition and low-pressure technology
(Woide Det al., 2009). This technique enabled gently controbetraction and horizontal
transfer of a smallest amount of isolated material.

The reduction in target material requires an add#l enhancement of analysis sensitivity,
which can be achieved by reducing the reactionmelwof PCR reactions (Gaines Mt al.,
2002; Kricka LJ and Wilding P, 2003; LeclaireBal., 2003). It is believed that this enhanced

sensitivity may result from the better contact ketw primer or polymerase molecules and
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the DNA because the overall amount of DNA is lefsted than in a higher volume (Proff C
et al., 2006; Schmidt Wt al., 2006). Thus, using low-volume PCR (LV-PCR) tedogy in
combination with the laser-based DNA extraction hodt offers the opportunity to further

reduce the amount of DNA starting material needbilewetaining sensitive genetic analysis.

DNA of four mummy samples was extracted in two peledent approaches, where a novel
laser microdissection-based method was highligltechpared to a conventionally used
extraction technique. Main results concerning tar@NA amount as well as PCR
amplification were summarized bable 8 Laser microdissection, SPATS transfer and LV-
PCR were applied on mummy material, presentingtlaopa@gical applicability of the modular
lab-on-a-chip system. The contamination-free pemorce comprised extraction of smallest,
best preserved amounts of paraffin-embedded bortelpa via laser microdissection and
subsequent gentle low-pressure mediated transfgadicles into PCR-tubes containing
DNA extraction buffer. The amount of microdisseci¥dA was checked via real-time PCR.
This laser-based DNA extraction method was comp#&wea conventional DNA extraction
technique used in pathology, operating with pukedion of whole bone tissue pieces.
Extracted DNA amounts of pulverized samples wereeaded by UV spectrophotometry.
After DNA extraction, amelogenin arfétactin fragments were amplified using LV-PCR to
check DNA quality and preparation-dependant PCRcieffcy of both DNA extraction
methods. For validation of results, sequencing \wasformed on microdissected PCR
products as well as DNA typing via STR fragmentgkananalysis. Thus, possible DNA
contamination of mummy sample material with recBINA originating from scientists or

else could clearly be excluded.

DNA extraction. In our laboratories, strict precautions were takkming all molecular
genetic analysis minimizing the hazard of amplifyicontaminating modern DNA in ancient
specimens, and controls performed at all steps werssistently negative. Based on the
results of DNA typing analysis, we were able to el§dexclude contamination and cross-
contamination of the ancient bone samples. AndéA could successfully be extracted out
of pulverized mummy bone material via DNA precipga (Zink A et al., 2003). DNA
extraction using 1 g of pulverized bone tissue mtef each mummy sample revealed DNA
amounts of 2.1-10.0 ng/ul, as measured via UV spelcbtometry. For the laser
microdissection-based approach, nested isolatidoné tissue pieces was performéguie

40 A) to reduce the risks of external contaminating@&#. After paraffinization, microtome-
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cuts of paraffin-embedded bone tissue slices werpgped on PEN-membrane coated object
slides {igure 39).

Several single osteon islets comprising 150 to @80 in diameter could successfully be
isolated out of mummy bone tissue via laser migselitionfigure 40 B).

Figure 39. Preparation of mummy sample material forlaser microdissection.Nested bone tissue pieces
were paraffin-embedded and paraffin blocks were@®&5 pm thin slices. Microtome-cut slices wereumted
onto PEN-carrier membrane coated object slides wede applicable for laser microdissection after
deparaffinization. The images show paraffin-embedtssue blocks and microtome-cut tissue sliceA\of
mummyl1,B) mummy2,C) mummy3 and) mummy4.

Tissue material was taken exclusively from the inparts of the bone tissue slices for
subsequent conventional DNA extraction. Thus, #@spieces were pooled from several
sections in order to enrich the material. Oste@tmut 50 to 500 um in diameter, are
composed of concentric layers of mineralized mattixounding a Haversian canal, which is
20 to 150 um in diameter. Particle transfer was iated via the low-pressure operated
SPATS device, and sample material was releasedtlgirsnto a small amount of DNA

extraction buffer fjgure 40 C-F). Numerous blank extraction controls, containingNP

carrier-membrane but no tissue sample material,e wmocessed in parallel and were

consistently negative.

Figure 40. Preparation and collection of smallestraounts of target material from ancient bone tissueA)
For sample extraction, the outer surface was rethdéwam bone material and tiny tissue blocks wereppred
out of the inner bone tissue parts (arroBAF) Workflow of bone particle isolation as performedthe laser-
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based extraction method. The isolated particleccbeltracked along the entire isolation and transfecessB)
Laser microdissection-based isolation of an ostemme particle comprising 300 pm in diameter. Tteedaut,
isolating the osteon particle from its surroundings marked by an arro®) SPATS mediated sample take-up
is shown, where isolated bone material was adsatdedcollection grid via applied low-pressure tealogy.

D) The sample extraction area after successful fairolation is displayedE) Release of the low-pressure
transferred particle into a 0.2 pl droplet of lys@ution.F) Magnification of the isolated and released bone
particle.

Due to the fact that osteons consist to the greatdent of concentric layers of mineralized
matrix and that the Haversian canal enclosed fgues a minor part, the DNA amount
extracted from microdissected mummy osteon matevasd approximately 60 pg of DNA
present in 1 pl of extracted mummy sample mateaslievealed via real-time PCRg(re
41). Real-time PCR was performed on sample mummydmeiarily for all of four mummy
samples. Simultaneously, standard concentratiorts i, 1 ng, 500 pg, 100 pg, 50 pg and
20 pg were co-amplified as reference DNA conceiatnat For validation of amplification
results of mummy4, its amplification plot was reltto the plots of standard DNA

concentrationsfigure 42).
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Figure 41. Amplification plots of real-time PCR peformed on microdissected mummy DNA.
Amplification plots of RT-PCR analysis of sample mmay4 compared to cycled standard concentrations of
5 ng, 1 ng, 500 pg, 100 pg, 50 pg and 20 pg of mugenomic reference DNA. The graphs show the cycle
number from cycle 1 to 40 plotted against fluoreseeintensity from 0 dRn to 0.8 dRn. The plot ofrmuy4
clearly revealed a DNA starting amount between &@mpd 20 pg DNA, as located between these two atdnd
curves. Negative control represents a reaction evherinput DNA was present during RT-PCR cycling.

The exact DNA concentration of sample mummy4 wdedaled via standard curve, plotting
the initial DNA quantity to the particular Ct-valug each amplification curveigure 42).
The Ct-value is described as the value, at whieh DINA concentration in the RT-PCR
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reaction mix reached an amplification thresholdgheir starting concentrations reach this
threshold earlier than lower ones. Thus the Ctevalan be taken as measure for initial DNA
concentrations, when reference specimens are prd3ata analysis revealed the following
Ct-values of 1 pl of reference DNA concentratioas, plotted in the standard curve:
30.83 dRn for 1 ng, 32.20 dRn for 500 pg, 34.81 @btnl00 pg, 35.22 dRn for 50 pg and
35.89 dRn for 20 pg. For sample mummy4 a Ct-valie3%82 dRn was obtained,

representing a DNA amount of 29.41 pg. As only 0l®f mummy4 DNA were applied to

the real-time PCR, data analysis revealed a DNAuwamnof 29.41 pg present in 0.5 ul of
extracted mummy material. When translating theselt®to 1 pl of extracted microdissected
mummy material, this meant a final DNA concentnatmf about 60 pg present in 1 pl of

extracted microdissected DNA material of mummy4.

Standard Curve

y=-1,3163Ln(x) + 40274 |
R®=0,9632
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Figure 42. Standard curve of real-time PCR analysisinitial DNA concentrations of human genomic
reference DNA samples were plotted against meastiredlues [dRn]. The standard curve of RT-PCR ysisl
revealed an extraction amount of approximately §@pPIA present in 1 pl of extracted microdissectadnmy
material.

Amplification of B-actin and amelogenin gene fragments using low-volume PCR. DNA
amplification experiments were performed using Moiime PCR in 1 pl total reaction
volume covered with 5 pl of mineral oil. The religl of this method was 90-95%, apart
from 1-2 reaction batches out of about 20. Thesetiens were accidentally destroyed by
bubbling reaction mixes, which might be due to erapng gas bubbles present in the
agueous master mix. This was either caused byxism&ive mixing of reagents or by inferior
surface chemistry of the slides. Amplification waesformed on 106/112 bp fragments of the
amelogenin gene for gender determination, as veetiraa larger fragment of the hum@n
actin gene comprising 297 bp. DNA was extractechfelach of the four mummy samples at
least twice in separate preparations. Each mummy Biiract was tested at minimum of
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five to eight times via PCR for amplifiabfeactin and amelogenin gene fragments. Amplified
gene fragments were rated as reproducible and rawthenly after a) five PCR reactions
showed consistent fragment determination, b) tesult could be reproduced in another
extract from the same mummy sample and c) all otmivere negative.

a) LV-PCR amplification of pulverized samples. When amplifying small gene fragments of
106/112 bp of the amelogenin gene, two out of ther fmummy samples revealed a
successful amplification of sex specific fragme(itble 8). While samples mummy3 and
mummyl showed no positive PCR produdiguie 43 C and D, sample mummy2 revealed
female specific 106 bp fragmentgy(re 43 A) and sample mummy4 revealed male specific
fragments of 106 bp respectively 112 bp in sizgufe 43 B). Amplification of a 297 bp
fragment of thg3-actin gene was less successful. Despite repe#ftatsesamples mummyl
and mummy4 revealed inconstant positive ampliftcatproducts, while mummy2 and
mummy3 revealed no positive amplification produttadl (table 8. Sample mummyl
showed an amplification rate of about 2:4, revepbnpositiveB-actin PCR product in two
out of six reactions. The amplification rate of ggenmummy4 was about 1:5, having just one
positive PCR product in six reaction batches. Adtraction and PCR negative controls
including lysis mix, PEN supporting membrane;CHcontrol and the PCR master mix
containing no DNA, were consistently negatifigyre 43).

b) LV-PCR amplification of microdissected samples. Microdissected samples mummy1-4
were tested for the existence of amplifiable nucl2EA, in respect to isolated osteon islets,
comprising a very minute tissue amount of just\@ faicrometers (corresponding to 1 to
5 pg) compared to standard amounts of 1 to 2 goéliissue material. All of four mummy
samples revealed successful amplification produts106/112 bp male and female
amelogenin fragmentstaple 8). While samples mummy2 and mummyl showed female
106 bp segmentdigure 43 A and D), samples mummy4 and mummy3 produced male
segments of 106 bp and 112 Iigre 43 B and Q. Concerning the larger 297 bp segment
of the humarf-actin gene, in each approach hunaactin fragments could successfully and
constantly be amplified and detected in each of rtherodissected samples mummyl1-4
(figure 43; table §. All extraction and PCR negative controls liksisymix, PEN supporting
membrane, kD control and PCR master mix, containing no DNAreveonsistently negative

in all casesf{gure 43).
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Figure 43. Polyacrylamide gel electrophoresis dataf isolated and via LV-PCR amplified mummy DNA.
Four different mummy samples were examined. PCR peaormed on fragments of the human g@rectin
(297 bp) and the sex specific amelogenin gene (femmpecific 106 bp fragment, male specific 106/bj2
fragments). M: 100 bp molecular length standardjaé Biotechnologie GmbH, Erlangen, Germam)) L V-
PCR results of sample mummy2.Lane 1: [0 pg female mummy2 DNA (amelogenin PCR, laser
microdissection-based DNA extraction method); I&he50 pg female mummy2 DNA (amelogenin PCR,
conventional DNA extraction method); lane 5+6: J@pfemale and male human reference DNA (amelogenin
PCR, positive control); lanes 2, 7, 4, 8: PEN earmembrane, lysis buffer, PCR master mix an@® idontrol
(amelogenin PCR, negative controls); lané®80 pg mummy DNA {§-actin PCR, laser microdissection-based
DNA extraction method); lane 10: PCR master nfixa¢tin PCR, negative controlg) LV-PCR results of
sample mummy4.Lane 8:[60 pg male mummy4 DNA (amelogenin PCR, laser missmEttion-based DNA
extraction method); lane 7: 100 pg male mummy4 D{¥nelogenin PCR, conventional DNA extraction
method); lane 2+3: 100 pg male and female humararée DNA (amelogenin PCR, positive control); &fie

5, 4, 1. PEN carrier membrane, lysis buffer, PCRstaramix and KO control (amelogenin PCR, negative
controls); lane 9160 pg mummy DNA {-actin PCR, laser microdissection-based DNA exiwactethod);
lane 10: PCR master mi{actin PCR, negative controkt) LV-PCR results of sample mummy3.Lane 2:
(60 pg male mummy3 DNA (amelogenin PCR, laser missmttion-based DNA extraction method); lane 1:
100 pg male mummy3 DNA (amelogenin PCR, conventi@iA extraction method); lane 7+8: 100 pg male
and female human reference DNA (amelogenin PCRtip®<€ontrol); lanes 3, 4, 5, 6: PEN carrier meani#,
lysis buffer, PCR master mix and,® control (amelogenin PCR, negative controls); 1@né60 pg mummy
DNA (B-actin PCR, laser microdissection-based DNA eximactmethod); lane 10: PCR master mpedctin
PCR, negative controlD) LV-PCR results of sample mummyl.Lane 5:[60 pg female mummyl DNA
(amelogenin PCR, laser microdissection-based DNaetion method); lane 4: 100 pg female mummyl DNA
(amelogenin PCR, conventional DNA extraction mejhéahe 1+2: 100 pg male and female human reference
DNA (amelogenin PCR, positive control); lanes 6783: PEN carrier membrane, lysis buffer, PCR srastix
and HO control (amelogenin PCR, negative controls); 1&dB0 pg mummy DNA (-actin PCR, laser
microdissection-based DNA extraction method); 128ePCR master mix3factin PCR, negative control).

Table 8. Summary of the compared DNA extraction methods eexlilts of LV-PCR amplification. The
preparation part shows a comparison of the stanebdrdction method and the novel microdissectiosedeone

in relation to the extraction amounts of the ancieraterial. The analysis part presents a summarthef
obtained aDNA LV-PCR results according to the agplextraction method. The nested paraffin-embedding
procedure combined with most precise material eita made the working performance highly sensjtive
reducing contaminations compared to the traditiomethod using pulverized whole bone tissue pieces.

Sample Preparation Analysis
Starting amount of | DNA concentration

Fragment amplification via low-volume PCR

sample material for after extraction on chemically structured object slides
DNA extraction procedures
Laser-based DNA Powder-based DNA
Laser- | Powder- | Laser- | Powder- | extraction method extraction method
based based based based | (60 pg of target DNA | (50-100 pg of target
DNA DNA DNA DNA present in 1 pl total DNA presentin 1 pl
isolation | isolation | isolation | isolation | reaction volume) total reaction volume)
method | method | method | method | amelogenin | B-actin | amelogenin | B-actin
106/112 bp | 297 bp | 106/112 bp | 297 bp
Mummy1 Several female + - (;_/;1)
Mummy?2 150-350 | - 1gof 060 2.1~ female + female .
Mummy3 um bone pa/ul 10.0 male + - -
osteon powder ng/ul e
Mummy4 islets male + male (1:5)




5. Applications of the Lab-on-a-chip System in Fsie Sciences

c) Performance on LOC chips. Comparable to amplification reactions performedhramulti
LV-PCR microdevice, LV-PCR has been performed orCLhips as well. Amelogenin PCR
has been performed on extracted microdissectedriadadé sample mummy4. Fragments of
amelogenin gene amplification could successfully detected via PAAGEfigure 44),
verifying sample mummy4 to originate from a maldiwdual as 106/112 bp fragments were

obtained.
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Figure 44. PAAGE image data of LOC chip-performed LV-PCR amelogenin amplification of sample
mummy4. M = molecular length standard (ReddyRun Superlatte 100 bp ladder, Thermo Scientific,
ABgene, Epsom, Surrey, UKRQ) Overview of PAAGE data. No contaminating bandsemdetected, no side
products and no genomic DNA smear, accounting foigaly sensitive analy